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INTRODUCTION 


Originally  known  for  its  pedestrian  role  as  an  intermediate  in  intracellular  lipid 
metabolism,  LPA  is  now  recognized  as  a  potent  lipid  mediator  that  evokes  growth-factor-like 
responses  and  regulates  an  array  of  cellular  processes  related  to  pathogenesis  of  cancer  (1). 

These  include  stimulating  proliferation  by  increasing  cell  cycle  progression,  enhancing  cell 
survival,  stimulating  motility  and  inducing  tumor  cell  invasion,  and  regulating 
neovascularization  (1-5).  Progress  in  understanding  LPA  actions  has  accelerated  with  the 
discovery  that  it  is  a  ligand  of  several  G  protein  coupled  cell  surface  receptors  (GPCRs), 
previously  identified  as  members  of  the  endothelial  differentiation  gene  (EDG)  family.  To  date, 
three  LPA  receptors  have  been  identified,  EDG-2/LPAi,  EDG-4/LPA2,  and  EDG-7/LPA3  (6-9). 
The  LPA  receptors  are  differentially  expressed,  coupled  to  a  variety  of  G-proteins,  and  thus 
regulate  diverse  cellular  responses  ( 1 , 1 0, 1 1 ).  Intriguingly,  expression  of  LPA  receptors 
correlates  with  more  advanced  prostate  cancer  cell  lines  (12)  and  LPA2  and  LPA3  are  aberrantly 
expressed  in  ovarian  cancer  cells  (13,14),  indicating  a  potential  role  in  the  pathophysiology  of 
cancer.  Recently,  a  fourth  LPA  receptor  was  described  (LPA4/GPR23/P2 Y9),  which  is  distinct 
from  the  other  LPA  receptors  (15).  Moreover,  LPA  has  a  novel  intracellular  function  as  a  high- 
affmity  ligand  for  peroxisome  proliferating  activating  receptor-y,  a  transcription  factor  that 
regulates  genes  controlling  energy  metabolism  (16). 

In  addition  to  actions  through  conventional  GPCR  signaling  pathways,  LPA  receptors  can 
indirectly  regulate  cell  functions  by  transactivating  the  EGF  tyrosine  kinase  receptor  (17-19). 

This  novel  cross  commimication  between  different  signaling  systems  is  not  only  important  for 
the  growth  promoting  activity  of  LPA  (17,19),  it  also  may  be  a  clue  to  its  pathophysiological  role 
in  prostate  cancer  (18)  and  head  and  neck  squamous  cell  carcinoma  (20). 
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LPA  is  not  only  an  active  constituent  of  serum,  it  also  accumulates  to  high  concentrations 
in  malignant  effusions  and  has  been  proposed  to  be  a  marker  and  mediator  of  ovarian  cancer 
progression  (13,21,22).  Although  LPA  is  considered  to  be  a  key  intermediate  in  de  novo 
glycerolipid  synthesis  formed  by  acylation  of  glycerol  3-phosphate,  abundant  evidence  now 
indicates  that  bioactive  LPA  is  generated  extracellularly.  LPA  can  be  produced  from 
phosphatidic  acid  by  phospholipase  D  (PLD)  in  activated  platelets  and  ovarian  and  prostate 
cancer  cells  and  subsequent  deacylation  by  phospholipase  Ai  or  A?  (23-25).  The  recent 
discovery  that  LPA  is  generated  in  the  extracellular  millieu  from  lysophosphatidylcholine  by  the 
enigmatic  ecto-enzyme  autotaxin,  known  to  be  involved  in  tumor  invasion,  neovascularization 
and  metastasis  (26,27),  further  supports  the  notion  that  LPA  is  an  important  regulator  of  tumor 
progression  and  metastasis  (1,28). 

Another  potential  pathway  for  synthesis  of  LPA  is  the  phosphorylation  of 
monoacylglycerols  by  a  specific  lipid  kinase  activity  first  described  more  than  30  years  ago  (29), 
which  has  received  scant  attention  following  the  characterization  of  the  partially  purified  bovine 
brain  enzyme  in  1989  (30,31). 

BODY 

Cloning  a  novel  human  lipid  kinase 

In  the  previous  annual  report,  we  described  in  detail  the  cloning  of  a  lipid  kinase  that 
phosphorylates  monoacylglycerols  to  form  LPA  and  demonstrated  that  it  is  highly  expressed  in 
prostate  cancers.  We  have  now  extensively  characterized  its  enzymatic  activity,  localization,  and 
signaling  pathways  that  it  modulates. 
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The  new  lipid  kinase  catalyzes  the  phosphorylation  of  monoacylglycerol  to  generate  LPA 

Although  this  new  kinase  was  cloned  based  on  its  homology  to  SphKs,  it  displayed  only 
very  modest  phosphorylating  activity  with  sphingosine  as  substrate  when  compared  to  cells 
transfected  with  SphKl  or  SphK2  (Fig.  lA).  Moreover,  unlike  SphKs,  neither  D-erythro- 
dihydrosphingosine  nor  phytosphingosine  were  substrates  for  this  kinase.  In  addition,  there  were 
no  detectable  changes  in  the  levels  of  the  sphingolipid  metabolites,  ceramide,  sphingosine  or 
SIP,  in  cells  overexpressing  this  lipid  kinase.  We  next  examined  in  vitro  kinase  activity  with  an 
array  of  lipid  substrates,  including  different  ceramide  species  and  glycerolipids,  such  as  1 ,2- 
dioleoyl-5«-glycerol  (DAG),  glycerol-3 -phosphate,  anandamide,  phosphatidylinositol, 
phosphatidylglycerol,  cardiolipin,  and  the  monoacylglycerol,  l-oleoyl-2-s«-glycerol.  Significant 
kinase  activity  was  detected  with  monoacylglycerol  and  diacylglycerol,  but  not  with  any  other 
lipid  tested  (Fig.  IB).  Surprisingly,  however,  although  the  new  kinase  contains  a  DAGK 
catalytic  domain,  it  did  not  have  significant  kinase  activity  with  l,2-dioleoyl-j«-glycerol  as 
substrate  when  activity  was  measured  in  the  presence  of  the  detergent,  octyl-P- 
glucopopyranoside,  as  usually  used  for  DAGK  activity  measurements  (32)  (Fig.  IB),  suggesting 
that  the  new  lipid  kinase  is  distinct  from  other  known  DAGKs.  Moreover,  when  this  lipid  kinase 
was  overexpressed  in  several  types  of  cells,  no  changes  in  mass  levels  of  diacylglycerol  or 
phosphatidic  acid  could  be  detected  (data  not  shovm). 

Previously,  a  monoacylglycerol  kinase  (MAGK)  that  was  partially  purified  from  bovine 
brain  cytosol  was  reported  to  prefer  substrates  containing  unsaturated  fatty  acid  esters  (30). 
Interestingly,  the  new  lipid  kinase  has  preference  for  substrates  with  a  Cl 8  fatty  acid  with  one 
double  bond,  as  monoacylglycerol  with  an  oleoyl  (18:1)  substitution  in  the  snl  position  was 
phosphorylated  to  a  greater  extent  than  l-palmitoyl-2-sn-glycerol  (16:0),  which  was  a  better 
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substrate  than  l-stearoyl-2-5n-glycerol  (18:0)  (Fig.  IB).  Moreover,  l-5rt-2-arachidonoyI-glycerol 
(2-AG),  an  endogenous  cannabinoid  receptor  ligand  (33,34),  was  also  significantly 
phosphorylated  (Fig.  IB).  Like  the  crude  bovine  brain  MAGK  (30),  this  kinase  required 
magnesium  for  maximal  activity,  whereas  other  divalent  cations,  including  Ca^""  and  Zn"", 
inhibited  phosphorylation  of  l-oleoyl-2-sn-glycerol.  Similar  to  the  brain  MAGK,  it  also  had 
higher  activity  in  the  presence  of  0.03%  deoxycholate,  although  activity  was  completely 
abolished  by  most  other  detergents,  including  Triton  X-100,  Triton  X-1 14,  CHAPS,  and  p- 
octylglucopyranoside  (Fig.  IB  and  data  not  shown). 

In  the  previous  report,  we  identified  the  phosphorylated  lipid  produced  by  this  lipid 
kinase  in  vivo  as  LPA.  Because  this  new  lipid  kinase  has  a  high  degree  of  specificity  for 
monoacylglycerol  substrates  and  forms  LPA  in  vivo,  it  is  hereafter  referred  to  as 
monoacylglycerol  kinase  or  MAGK. 

Subcellular  localization  of  MAGK 

Although  it  does  not  contain  a  mitochondrial  localization  signal,  unexpectedly,  confocal 
immunofluorescence  microscopy  revealed  that  MAGK  was  distributed  in  a  pimctate  reticular 
pattern  in  NIH  3T3  cells  (Fig.  2A),  reminiscent  of  a  mitochondrial  localization.  Indeed,  there 
was  no  significant  colocalization  with  cortical  actin,  stained  with  fluorescent  phalloidin,  the 
Golgi  apparatus,  stained  with  fluorescent  WGA  (data  not  shown),  or  with  the  ER  marker 
calnexin  as  demonstrated  by  the  absence  of  yellow  color  in  the  merged  images  (Fig.  2A).  On  the 
contrary,  MAGK  expression  was  clearly  colocalized  with  MitoTracker  stained  mitochondria 
(Fig.  2A).  Similar  mitochondrial  localization  of  MAGK  was  also  observed  in  HEK  293  and  PC- 
3  cells,  indicating  that  the  subcellular  distribution  was  not  cell-type  specific. 


7 


To  further  substantiate  the  unusual  localization  of  MAGK,  protein  expression  and 
enzymatic  activity  were  examined  in  subcellular  fractions  prepared  by  differential  centrifugation. 
In  agreement  with  the  confocal  results,  by  immunoblotting,  a  epitope  tagged  MAGK  with  the 
predicted  MW  of  MAGK  of  46.4  kDa  was  highly  enriched  in  the  P2  mitochondria  fraction  which 
was  characterized  by  the  presence  of  cytochrome  c  oxidase  II  (Fig.  2B).  Much  less  MAGK  was 
present  in  the  P3  fraction  containing  intracellular  membranes  of  the  ER  and  Golgi,  as  determined 
with  the  specific  ER  marker  PDI  or  in  the  P4  plasma  membrane  fraction,  characterized  by  the 
presence  of  av-integrin  (Fig.  2B).  In  concordance  with  the  expression  pattern  of  the  protein,  the 
highest  MAGK  specific  activity  was  in  the  P2  fraction  (Fig.  2C). 

MAGK  expression  enhances  cell  growth 

Growth  promotion  is  one  of  the  most  prominent  effects  mediated  by  LPA  (1).  Indeed, 
transient  or  stable  expression  of  MAGK  enhanced  proliferation  of  diverse  cell  types.  The  growth 
promoting  effect  of  MAGK  was  observed  even  in  the  presence  of  sub-optimal  serum 
concentrations  (Fig.  3A).  Analyses  of  the  growth  curves  during  the  exponential  phase  revealed 
that  MAGK  expression  decreased  the  doubling  time  from  37.7  h  to  28  h.  Addition  of  the  MAGK 
substrate  monoacylglycerol  to  cells  cultured  in  serum-free  medium  significantly  stimulated 
proliferation  of  MAGK  expressing  PC-3  cells  but  did  not  enable  the  vector  transfectants  to  grow 
(Fig.  3B).  In  contrast,  LPA  increased  proliferation  of  both  MAGK  and  vector  transfectants  to  the 
same  extent  (Fig.  3C). 

MAGK  promotes  transactivation  of  EGFR 

Many  studies  have  led  to  the  notion  that  LPA  is  important  in  the  pathophysiology  of 
prostate  carcinoma  functioning  in  an  emerging  paradigm  of  cross-talk  between  LPA  receptors 
and  the  tyrosine  kinase  EGFR  (1,17,18).  Therefore,  it  was  of  importance  to  determine  whether 
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overexpression  of  MAGK  and  increased  LPA  levels  resulted  in  such  receptor  transactivation.  In 
serum-starved  cells,  MAGK  expression  increased  tyrosine  phosphorylation  of  several  proteins, 
notably  a  170  kD  band,  which  was  similarly  increased  by  serum  in  vector  transfectants  (Fig.  4 A). 
Kinetic  analysis  of  tyrosine  phosphorylation  in  response  to  serum  revealed  that  the  1 70  kD 
tyrosine  phosphorylation  was  a  rapid  event  in  MAGK  expressing  cells,  clearly  evident  within  5 
min  and  remaining  elevated  for  at  least  60  min  (Fig.  4D).  Because  LPA  stimulates  tyrosine 
phosphorylation  of  the  EGFR  in  PC-3  cells  (5,35),  it  was  important  to  substantiate  that  the 
enhanced  tyrosine  phosphorylation  of  the  170  kD  protein  represented  activation  of  the  EGFR. 
Indeed,  anti-phosphotyrosine  immunoblotting  of  anti-EGFR  immunoprecipitates  revealed 
enhanced  EGFR  tyrosine  phosphorylation  in  cells  overexpressing  MAGK,  even  in  the  absence  of 
serum  (Fig.  4C). 

MAGK-induced  ERKl/2  activation,  motility,  and  IL-8  secretion  requires  EGFR 

Previously,  it  has  been  suggested  that  EGFR  activation  is  required  for  signal  relay  from 
LPA  receptors  to  ERKl/2  in  prostate  cancer  cells  (18,35,36).  MAGK  expression  markedly 
increased  activation  of  ERKl/2,  as  determined  with  a  phospho-specific  antibody,  which  was 
further  enhanced  by  serum  (Fig.  4B)  and  EGF  (Fig.  4F).  To  further  confirm  that  activation  of  the 
EGFR  was  necessary  for  MAGK-stimulated  ERK  activation,  we  utilized  the  specific  EGFR 
tyrosine  kinase  inhibitor,  tyrphostin  AG  1478.  AG  1478  not  only  completely  abolished  EGFR- 
induced  tyrosine  phosphorylation  (Fig.  4E),  as  expected,  it  also  blocked  MAGK-mediated 
ERKl/2  phosphorylation  (Fig.  4F)  and  its  mitogenic  effect  (data  not  shown).  These  results 
suggest  that  the  tyrosine  kinase  activity  of  EGFR  is  required  for  MAGK-induced  activation  of 
the  ERK  cascade,  culminating  in  DNA  synthesis. 
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Transactivation  of  the  EGFR  has  also  been  shown  to  be  important  for  increased  motility 
of  cancer  cells  (20).  In  agreement,  the  enhanced  migration  of  PC-3  cells  towards  EOF  induced 
by  expression  of  MAGK  was  blocked  by  the  EGFR  inhibitor  AG1478  (Fig.  5A).  In  the  Boyden 
chamber  cell  migration  assay,  differences  in  cell  shape  and  size  may  affect  passage  through  the 
pores  in  the  membrane  but  do  not  affect  the  in  vitro  wound  closure  assay.  MAGK  expression 
enhanced  closure  of  the  wounded  area,  especially  in  the  presence  of  EGF  and  MOG,  which  is 
phosphorylated  by  MAGK  to  form  LPA  (Fig.  5B,C).  The  wound  closure  enhanced  by  MAGK 
was  also  blocked  by  AG1478,  supporting  a  role  for  EGFR  transactivation  in  MAGK-induced 
migratory  responses. 

Expression  of  the  multifunctional  cytokine  IL-8  correlates  with  angiogenesis, 
tumorigenicity,  and  metastasis  of  human  prostate  cancer  cells  implanted  in  nude  mice  (37). 
Moreover,  LPA  has  been  shown  to  stimulate  IL-8  production  in  ovarian  and  colon  cancer  cells 
(38,39).  Similarly,  LPA  markedly  enhanced  IL-8  secretion  from  PC-3  cells  (Fig.  6).  Addition  of 
MOG  stimulated  IL-8  secretion  in  MAGK  expressing  cells  by  more  than  2-fold  but  had  no  effect 
in  vector  transfected  cells  (Fig.  6).  This  increase  in  IL-8  was  also  decreased  60%  by  AG1478, 
and  thus  requires  transactivation  of  the  EGFR.  In  this  regard,  it  has  been  shown  that  blockade  of 
the  EGFR  in  PC-3  cells  not  only  inhibited  tumor  growth  and  invasion,  it  also  downregulated 
expression  of  IL-8  within  the  tumors  (40). 

KEY  RESEARCH  ACCOMPLISHMENTS 

•  Cloning  a  monoacyglycerol  kinase  (previous  report) 

•  Establishing  the  substrates  for  this  kinase  and  cellular  localization 

•  MAGK  expression  enhances  cell  growth 
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•  MAGK  expression  enhances  EGF-directed  motility 

•  MAGK  is  involved  in  transactivation  of  EGFR 

•  MAGK  is  involved  in  ERK  activation  induced  by  EGF 

•  MAGK  expression  promotes  IL-8  secretion 
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CONCLUSIONS 


In  this  work,  we  have  cloned  the  long  searched  for  monoacylglycerol  kinase  (MAGK),  a 
novel  type  of  diacylglycerol  kinase  which  phosphorylates  monoacylglycerols,  to  form  LPA. 
LPA  has  long  been  implicated  as  an  autocrine  and  paracrine  growth  stimulatory  factor  for 
prostate  cancer  cells.  The  identification  of  this  novel  lipid  kinase  that  regulates  its  production 
could  provide  new  and  useful  targets  for  preventive  or  therapeutic  measures.  Because  of  the 
well-known  role  of  the  EGF  receptor  in  androgen-refractory  metastatic  prostate  cancer,  the 
pathophysiological  significance  of  our  novel  lipid  kinase  may  be  to  produce  LPA,  which  in  turn 
can  stimulate  the  release  of  mature  EGF,  and  thus  activate  the  EGF  receptor,  amplifying 
mitogenic  and  survival  signals.  Therefore,  targeting  this  kinase  that  is  upstream  of  the  EGF 
receptor  offers  additional  therapeutic  benefits  in  treatment  of  androgen-independent  prostate 
cancer. 
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FIGURE  LEGENDS 


Figure  1.  Lipid  kinase  activity  of  recombinant  MAGK.  (A)  NIH  3T3  cells  were  transiently 
transfected  with  vector,  hSphkl,  hSphK2  or  hMAGK.  After  24  h,  sphingosine  phosphorylating 
activity  was  measured  with  50  pM  D-ery/Aro-sphingosine  substrate  added  as  a  BSA  complex  as 
described  (41).  (B)  Lipid  phosphorylating  activity  was  determined  in  cell  lysates  from  NIH  3T3 
cells  transiently  transfected  with  vector  (open  bars)  or  hMAGK  (filled  bars).  The  following 
lipids  were  tested:  C6-cer;  l-oleoyl-2-5n-glycerol  (18:1),  MOG;  2-arachidonoyl-glycerol  (20:4). 
2- AG;  l-palmitoyl-2-5«-glycerol  (16:0),  MPG;  1 -stearoyl-2-5«-glycerol  (18:0),  MSG;  or 
diacylglycerol  (1,2-dioleoyl-^n-glycerol),  DAG.  The  data  are  expressed  as  pmol  phosphorylated 
product  formed/min/mg  ±  S.D.  and  are  means  of  triplicate  determinations.  Where  indicated, 
octyl-P-glucopyranoside  was  added  to  a  final  concentration  of  1 .5  %.  Inset  shows  a  TLC  image 
of  formed  LPA  band  when  MOG  was  used  as  substrate. 

Figure  2.  Subcellular  localization  of'MAGK.  (A)  NIH  3T3  fibroblasts  were  transiently 
transfected  with  V5-tagged  hMAGK  and  stained  for  mitochondria  with  MitoTracker  Red.  The 
endoplasmic  reticulum  was  visualized  with  anti-calnexin  antibody  followed  by  FITC-conjugated 
anti-rabbit  as  the  secondary  antibody.  hMAGK  was  stained  with  monoclonal  anti-V5  antibody 
followed  by  secondary  FITC-conjugated  or  Texas  Red-condugated  anti-mouse  antibody.  Cells 
were  visualized  by  dual  wavelength  confocal  microscopy.  Superimposed  merged  pictures  are 
shown  in  the  lower  panels,  yellow  color  indicates  colocalization.  (B,  C)  Activity  and 
expression  of  MAGK  in  subcellular  fractions.  Lysates  from  HEK  293  cells  transfected  with 
vector  or  V5-MAGK  were  fractionated  into  PI  (nuclei  and  imbroken  cells),  P2  (mitochondria), 
P3  (ER,  and  Golgi),  P4  (plasma  membrane)  and  cytosol.  Proteins  (25  pg)  were  resolved  by 
SDS-PAGE  and  immunoblotted  with  anti-V5,  anti-cytochrome  c  oxidase,  anti-phosphodisulfide 


15 


isomerase  (PDI)  or  anti-av-integrin  as  specific  organelle  markers.  (C)  MAGK  activity  was  also 
determined  in  each  fraction  with  MOG  as  substrate. 

Figure  3.  MAGK  stimulates  proliferation.  PC-3  prostate  cancer  cells  stably  transfected  with 
vector  or  hMAGK  were  cultured  in  serum-free  medium  supplemented  with  0.5%  serum  (A),  10 
pM  MOG  (B)  or  10  pM  LPA  (C)  and  cell  numbers  determined.  Asterisks  denote  significant 
differences  (p  <  0.01,  Student  t  test).  Similar  results  were  obtained  in  two  additional 
experiments. 

Figure  4.  Enforced  expression  of  MAGK  enhances  EGFR  tyrosine  phosphorylation  and 
stimulates  ERKl/2.  Serum-starved  PC-3  cells  stably  transfected  with  vector  or  hMAGK,  were 
stimulated  without  or  with  10  %  FBS  for  10  min  (A,  B,  C)  or  the  indicated  times  (D),  lysed  and 
immuno blotted  with  anti-phosphotyrosine  (A,  D)  or  phospho-specific  anti-ERKl/2  antibodies 
(B).  Blots  were  then  stripped  and  re-probed  with  ERK  2  antibody  (B)  or  anti-tubulin  (D)  to 
demonstrate  equal  loading.  (C)  Lysates  from  cells  treated  as  in  (A)  were  immunoprecipitated 
with  anti-EGFR  antibody  and  the  immunoprecipitates  analyzed  by  western  blotting  using  anti- 
phosphotyrosine  or  anti-EGFR  antibody.  (E,  F)  MAGK  expression  induces  EGFR 
transactivation.  Serum-starved  PC-3  cells  stably  transfected  with  vector  or  hMAGK  were 
preincubated  for  20  min  in  the  absence  or  presence  of  250  nM  tyrphostin  (AG  1478),  then  treated 
with  EGF  for  10  min.  Cell  lysate  proteins  were  analyzed  by  immunoblotting  with  (E)  anti- 
phosphotyrosine  or  with  (F)  phospho-specific  ERKl/2.  Blots  were  stripped  and  re-probed  with 
ERK  2  antibody  to  demonstrate  equal  loading. 

Figure  5.  MAGK-stimulated  cell  migration  towards  EGF  and  wound  closure  require 
EGFR.  (A)  PCS  cells  transfected  with  vector  (open  bars)  or  hMAGK  (filled  bars)  were 
pretreated  without  or  with  AG 1478  (200  nM)  for  20  min  and  then  allowed  to  migrate  for  4  h 
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towards  EGF  (10  ng/ml).  The  data  are  means  ±  S.D.  of  three  individual  determinations.  (B,C) 
Vector  or  MAGK  transfected  PC3  cell  monolayers  were  scraped  and  treated  with  vehicle,  MOG 
(10  |iM),  LPA  (10  pM),  or  EGF  (10  ng/ml)  in  the  absence  or  presence  of  AG  1478  (200  nM)  and 
migration  of  cells  into  the  wound  was  determined  by  processing  digital  photographs  with  Image 
Pro  after  24  h.  (C)  Typical  wound  healing  assay  of  vector  and  MAGK  transfected  PCS  cells 
before  and  after  24  h  treatment  with  MOG. 

Figure  6.  MAGK  induces  IL-8  secretion.  PCS  cells  transfected  with  vector  (open  bars)  or 
MAGK  (filled  bars)  were  serum-starved  for  12  h  and  then  treated  in  serum-free  DMEM  with 
MOG  (10  pM)  or  LPA  (10  pM)  for  16  h.  IL-8  secretion  was  determined  by  ELISA. 
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Abstract 

S1P  (sphingosine  1~pho$phate)  Is  the  ligand  for  a  family  of  specific  G-protein-coupled  receptors  that  regulate 
a  wide  variety  of  important  cellular  functions,  including  vascular  maturation,  angiogenesis,  cell  growth,  sur¬ 
vival,  cytoskeletal  rearrangements  and  cell  motility.  However,  S1P  also  may  have  intracellular  functions.  In 
this  review,  we  discuss  two  examples  that  clearly  indicate  that  intracellularly  generated  and  exogenous  SIP 
can  regulate  biological  processes  by  divergent  pathways. 


Introduction 

SlP  (sphingosine  1 -phosphate),  a  sphingolipid  metabolite 
found  in  organisms  as  diverse  as  plants,  yeast,  nematode 
worms,  flies  and  mammals,  is  a  potent  regulator  of  a  wide 
spectrum  of  important  biological  processes  [1],  SIP  is  pro¬ 
duced  by  phosphorylation  of  sphingosine  catalysed  by  SphK 
(sphingosine  kinase),  a  highly  conserved  enzyme  that  is 
activated  by  many  agonists  and  stimuli  [1,2],  SIP  actions  are 
mediated  by  binding  to  a  family  of  five  specific  G-protein- 
coupled  receptors,  SlPi-SlPs,  which  are  differentially 
expressed  and  coupled  to  a  variety  of  G-proteins  [1,3-5]. 
There  is  no  doubt  that  the  most  important  functions  of  SIP  are 
mediated  through  its  receptors,  and  these  include  regulation 
of  angiogenesis,  vascular  maturation,  cardiac  development, 
neuronal  sxirvival  and  immunity  [1,3,4].  The  importance  of 
these  receptors  has  been  most  clearly  shown  by  mutations  and 
disruptions  of  SIP  receptor  genes.  For  example,  mutations  in 
SI  P2  lead  to  abnormal  split  heart  development  in  the  zebrafish 
[6].  Moreover,  deletion  of  SlPi  in  mice  revealed  that  it  is 
essential  for  vascular  maturation  and  migration  of  smooth 
muscle  cells  and  pericytes  around  newly  formed  endothe¬ 
lium  [7].  An  exciting  recent  development  with  important 
clinical  implications  for  SIP  receptor  signalling  was  the 
finding  that  the  immimosuppressive  drug  FTY720,  a  sphing¬ 
osine  analogue,  is  phosphorylated  by  SphK  to  an  active  phos- 
phorylated  form  which  then,  acting  via  SIP  receptors,  induces 
lymphopenia  [8,9].  These  studies  implied  a  role  for  SIP 
receptors  in  lymphocyte  homing  and  immunoregulation. 

Other  studies,  however,  suggested  that  SIP  also  has  second 
messenger  functions  important  for  regulation  of  calcium 
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homoeostasis  [10,11],  cell  growth  [12-14]  and  suppression  of 
apoptosis  [15-17],  Dissection  of  the  intra-  and  extracellular 
actions  of  SIP  is  difficult,  as  intracellular  targets  have  not 
been  definitively  identified  and  it  has  been  shown  that  SIP, 
by  binding  to  its  receptors,  can  stimidate  SphK  to  increase 
its  own  intracellular  levels  [18].  On  the  other  hand,  growth 
factors,  such  as  PDGF  (platelet-derived  growth  factor),  can 
bind  to  their  receptors  to  activate  and  recruit  SphK  to  the 
leading  edge  of  the  cell  [19],  where  it  produces  SIP  to 
spatially  and  temporally  stimulate  cell-surface  SlPi  in  an 
autocrine  or  paracrine  manner  [20]  leading  to  activation  of 
downstream  signals  crucial  for  cell  movement  [19,20].  It  has 
been  proposed  that  the  PDGF  receptor  is  in  fact  tethered 
to  SlPi,  providing  a  platform  for  integrarive  signalling  by 
these  two  types  of  receptor  [21].  Another  complicating  factor 
in  discriminating  between  intra-  and  extracellular  actions  of 
SIP  is  the  fact  that  it  can  be  specifically  transported  into 
cells  by  the  cystic  fibrosis  transmembrane  regulator  (CFTR) 
[22],  which  could  function  to  terminate  extracellular  signals 
as  well  as  to  initiate  intracellular  signals.  In  this  review,  we 
will  describe  two  examples  that  show  that  exogenous  and 
intracellularly  generated  SIP  can  affect  cellular  processes  by 
distinct  pathways. 

SphK1  and  generation  of  intracellular  SIP, 
but  not  exogenous  SIP,  potentiate  TNF-a 
(tumour  necrosis  factor  cc)-stimulated  BH4 
(tetrahydrobiopterin)  biosynthesis  in  C6 
glioma  cells 

In  astrogHal  cells,  the  biosynthesis  of  BH*,  the  coenzyme 
required  for  NO  synthesis  and  hydroxylation  of  tyrosine 
and  tryptophan,  is  stimulated  by  various  proinflammatory 
cytokines,  including  TNF-oc,  lliese  induce  expression  of 
GTP  cydohydrolase,  the  rate-limiting  enzyme  in  the  de  novo 
pathway  for  BH4  biosynthesis.  We  observed  that  TNF-a 
stimulates  iNOS  (inducible  nitric  oxide  synthase),  which 
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requires  BH4  for  its  activity,  and  GTP  cyclohydrolase  expres¬ 
sion  by  divergent  pathways  [23].  Whereas  TNF-a  stimul¬ 
ated  iNOS  expression  via  a  ceramide-dependent  pathway, 
TNF-a  regulated  GTP  cyclohydrolase  expression  independ¬ 
ently  of  ceramide  generation,  and  the  sphingolipid  metabolite 
SIP,  but  not  ceramide,  potentiated  GTP  cyclohydrolase 
mRNA  expression  induced  by  TNF-a.  Conversely,  TNF-a- 
induced  SphK  activation  and  generation  of  SI  P  did  not  modu¬ 
late  expression  of  iNOS.  Thus  TNF-a  induces  the  co¬ 
ordinate  expression  of  iNOS  and  GTP  cyclohydrolase  via 
ceramide-  and  SlP-dependent  pathways,  respectively  [23]. 
Differential  regulation  of  iNOS  expression  and  levels  of  its 
cofactor  BH4  may  be  physiolologically  relevant,  as  BH4  has 
other  important  functions,  especially  in  hydroxylation  of  the 
aromatic  amino  acids.  Thus  cytokine-dependent  induction  of 
iNOS  and  BH4  synthesis  should  be  co-ordinately  regulated 
only  in  cell  types  where  NO  production  is  important. 

As  TNF-a  stimulates  GTP  cyclohydrolase  expression  via 
a  ceramide-independent  pathway  [23]  and  also  increases  SIP 
levels  [24-26],  it  was  of  interest  to  investigate  the  role  of 
SphK  and  SIP  in  the  regulation  of  GTP  cyclohydrolase  and 
BH4  biosynthesis.  We  found  that  stimulation  of  SphK 
and  generation  of  intracellular  SIP  by  TNF-a  was  involved 
in  the  regulation  of  GTP  cyclohydrolase  expression  and 
activity,  as  the  SphK  inhibitor,  ^,^-dimethylsphingosine, 
completely  blocked  the  potentiation  effect  of  SphK  on  TNF- 
a-induced  GTP  cyclohydrolase  and  BH4  synthesis  [27]. 
Remarkably,  exogenous  SIP  or  dihydro-SlP  (sphinganine 
1 -phosphate),  which  both  bind  to  and  activate  all  of  the 
SIP  receptors,  did  not  mimic  the  effea  of  overexpression  of 
SphK  and  increased  mtracellular  SIP  on  GTP  cyclohydrolase 
expression  and  activity  or  on  BH4  biosynthesis  [27].  This  was 
not  due  to  a  failure  to  activate  SIP  receptors  on  C6  cells,  as 
binding  of  SIP  and  dihydro-SiP  to  SlPj  present  on  C6  cells 
markedly  activated  ERK  (extracellular-signal-regulated 
kinase).  It  was  previously  shown  that  activation  of  ERK 
by  SIP  leads  to  induction  of  expression  of  Egr-1,  one  of 
the  immediate  early  gene  products  required  for  expression 
of  this  essential  transcription  factor  for  fibroblast  growth 
factor-2,  an  autocrine  factor  that  stimulates  proliferation  of 
astroglial  cells  [28,29].  Interestingly,  overexpression  of  SphKl 
not  only  potentiated  TNF-a-induced  BH4  biosynthesis,  but 
also,  similar  to  its  effea  on  fibroblasts  [14,30],  enhanced 
proliferation  of  C6  cells.  However,  whereas  this  proliferative 
effea  could  be  blocked  by  PD90859,  an  inhibitor  of  the  ERK 
pathway,  similar  treatment  had  no  effect  on  TNF-a-induced 
BH4  biosynthesis.  Thus,  although  some  effects  of  SIP,  such 
as  ERK  activation,  are  clearly  mediated  through  interactions 
with  SIP  receptors,  biosynthesis  is  only  regulated  by 
intracellularly  generated  SIP,  not  by  exogenous  SIP,  and  GTP 
cyclohydrolase  may  be  an  intracellular  target  of  SIP. 

One  of  the  important  functions  of  astroglial  cells  is  to 
support  neuronal  cells  by  secreting  a  variety  of  neiarotrophic 
factors,  such  as  fibroblast  growth  factor-2  and  other  peptide 
growth  factors,  and  neurotransmitters  [3 1].  It  should  be  noted 
that  SIP  can  act  in  an  autocrine  or  paracrine  manner  through 
different  members  of  the  SIP  receptor  family  present  on  both 


astroglial  and  neuronal  cells.  SIP  may  therefore  be  another 
factor  provided  by  glial  cells  in  vivo  to  promote  neuronal  cell 
survival  and  morphology  rearrangements  and  remodelling 
of  the  actin  cytoskeleton  during  various  stages  of  develop¬ 
ment.  Alternatively,  it  could  have  pathophysiological  effects 
at  sites  of  brain  lesions  and  alter  the  blood-brain  barrier  [32]. 

SphK  promotes  growth  and  survival 
independent  of  SIP  receptors 

Expression  of  SphKl  elevated  intracellular  levels  of  SIP, 
expedited  the  Gi/S  transition,  proteaed  against  apoptosis 
[14]  and  enhanced  tumour  formation  in  mice  [30,33].  Hetero- 
trimeric  G-proteins  couple  cell-surface  receptors  to  signals 
that  regulate  proliferation  and  stirvival,  and  asynchronous 
activation  of  Ga  subunits  can  lead  to  oncogenic  transfor¬ 
mation  [34].  Moreover,  in  some  cases  it  is  the  GPy  dimers  that 
mediate  proliferation  via  ERKl/2  activation  and  promote  cell 
survival  by  activation  of  phosphoinositide  3-kin^e  [35].  The 
many  studies  implicating  G-protein-coupled  SIP  receptors 
in  the  biological  activities  of  SIP  have  overshadowed  its 
intracellular  roles,  mainly  due  to  the  difficulty  of  dissociating 
signals  that  originate  at  the  cell  surface  from  ^ose  potentially 
originating  inside  cells.  Pertussis  toxin,  which  ADP- 
ribosylates  and  inactivates  Gi  proteins,  has  frequently  been 
used  to  implicate  a  Goc, -mediated  pathway  in  proliferative 
and  survival  effects  induced  by  exogenous  SIP  [13,36,37], 
However,  while  pertussis  toxin  did  not  affect  the  proliferation 
and  cytoprotective  effects  induced  by  SphKl  overexpresrion, 
these  were  completely  blocked  by  a  SphK  inhibitor  [14].  In 
agreement,  inhibiting  a^  and  Oq,  but  not  ai2/i3,  drastically 
reduced  proliferation  and  ERKl/2  activation  induced  by 
exogenous  SIP.  In  sharp  contrast,  blocking  signalling  of  the 
various  Ga  subunits  and  Gpy  dimers,  the  G-proteins  that 
SIP  receptors  couple  to  and  signal  through,  did  not  influence 
growth  and  survival  promoted  by  SphKl  and  intracellularly 
generated  SIP  [38],  Thus  although  the  mitogenic  effect  of 
exogenous  SlP  appears  to  be  mediated  by  binding  to  cell- 
surface  SIP  receptors,  SIP  formed  by  overexpression  of 
SphKl  promoted  growth  and  survival  independendy  of  these 
receptors.  In  further  support  of  this  concltision,  expression  of 
SphKl  markedly  stimulated  growth  of  pertussis  toxin-treated 
SIP2/SIP3  double-knockout  mouse  embryonic  fibroblasts, 
which  then  have  no  funcdonal  SIP  receptors  [38].  In  contrast 
with  the  strong  mitogenic  effea  of  SphKl  in  pertussis  toxin- 
treated  Slp2/SlP3  double-knockout  embryonic  fibroblasts, 
no  significant  responses  were  observed  with  exogenous  SIP 
[38].  These  results  suggest  that  SIP  receptors  are  ^spensable 
for  the  mitogenic  effect  of  SphKl  but  contribute  to  that  of 
exogenous  SIP.  Moreover,  pertussis  toxin  slighdy  reduced 
the  protective  effects  of  serum  and  high  concentrations  of 
SIP.  In  contrast,  pertussis  toxin  did  not  decrease  the  strong 
cytoprotective  effea  of  SphKl  overexpression  in  either  wild- 
type  or  SIP  receptor-null  embryonic  fibroblasts  [38].  In 
summary,  even  in  the  absence  of  all  SIP  receptor  signalling, 
SphKl  still  markedly  induced  growth  and  survivJ.  These 
data  indicate  that  exogenous  and  intracellularly  generated 
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SIP  affea  cell  growth  and  survival  by  divergent  pathways. 
Moreover,  although  intracellularly  generated  SlP  can  signal 
inside-out  to  regulate  cytoskeletal  rearrangements  and  ceil 
movement,  this  is  not  the  case  for  the  regulation  of  cell  growth 
and  suppression  of  apoptosis,  which  is  independent  of  SIP 
receptors. 

of 

identical  to  SIP  and  only  lacks  the  4,5-trans  double  bond, 
binds  to  all  of  the  SIP  receptors,  yet  does  not  mimic  the  effects 
of  SIP  on  cell  survival  [13,16,19,24].  Secondly,  elevation  of 
intracellular  SIP  by  microinjection  mobilizes  calcium  [11] 
and  enhances  proliferation  and  survival  [13,16,39].  Thirdly, 
SphKl  and  conversion  of  sphingosine  into  SIP  mediates 
vascular  endothelial  growth  factor-induced  activation  of  Has 
leading  to  activation  of  the  ERK  pathway  and  cell  division  by 
inhibiting  the  GTPase-activating  protein,  RasGAP,  without 
the  participation  of  SIP  receptors  [40].  Fourthly,  levels  of 
phosphorylated  long-chain  sphingoid  bases  regulate  yeast 
environmental  stress  responses  and  survival  although  they  do 
not  have  any  SIP  receptors  [41—43],  in  a  manner  reminiscent 
of  the  function  of  SIP  in  eukaryotic  cells.  Accumulated 
sphingoid  bases  in  yeast  induce  Gq/Gi  arrest,  and  the 
yeast  SphKs,  Lcb4  and  LcbS,  remove  the  sphingoid  block, 
allowing  progression  to  S  phase  [43].  Similarly,  PDGF- 
induced  activation  of  CDK2,  a  cyclin-dependent  kinase  that 
promotes  cell-cycle  progression,  was  dependent  on  SphK 
[44].  This  might  be  due  to  nuclear  formation  of  SIP,  as  the  time 
course  for  CDK2  activation  is  similar  to  that  of  the  increase 
in  nucleoplasmic  SphK  activity  and  translocation  to  the 
nuclear  envelope  induced  by  PDGF  [45],  Finally,  SIP  regu¬ 
lates  guard  cell  aperture  in  plants,  which  do  not  have  SIP 
receptors,  by  direa  effects  on  heterotrimeric  Ga  proteins. 
Recent  studies  with  the  tobacco  plant  Arahidopsis  thaliana 
suggest  that  SIP  links  the  drought  hormone,  abscisic  acid,  to 
regulation  of  stomatal  aperture  and  guard  cell  ion  channels 
[46].  Interestingly,  SIP  regulated  stomatal  apertures  and 
guard  cell  inward  K"*"  channels  and  slow  anion  channels  only 
in  wild-type  Arahidopsis  cells,  but  not  in  cells  with  a  knockout 
of  GPAl,  their  only  heterotrimeric  G-protein  a  subunit  gene 
[46].  These  results  suggest  that  SlP  may  be  able  to  activate 
G-proteins  directly,  independently  of  cell-surface  receptors. 
Whether  SIP  can  also  activate  heterotrimeric  G-proteins  in 
eukaryotic  cells  in  a  similar  fashion  remains  to  be  determined. 

In  conclusion,  the  concept  of  intracellular  actions  of  SlP 
independent  of  SIP  receptors  and  *inside-out  signalling*  is 
not  only  important  for  understanding  SIP  functions,  but 
may  have  therapeutic  implications  for  development  of  SphK 
inhibitors  for  treatment  of  cancer  [30]  and  also  for  prevention 
of  radiation-induced  premature  ovarian  failure  and  infertility 
[16,39]. 

We  thank  the  members  of  the  Spiegel  laboratory  and  particularly 
Or  Ana  Ollvera  and  Dr  Lewis  Vann  for  contributions  to  the  studies  that 
were  discussed  in  this  review.  This  work  was  supported  by  research 
grants  to  S.S.  from  the  National  institutes  of  Health  (GM43880, 


Several  other  lines  of  evidence  further  support  the  concept 
intracellular  actions  of  SIP.  First,  dihydro-SlP,  which  is 


CA61774,  AI50094)  and  the  Department  of  the  Army  (DAMD17- 
02-1-0060). 


References 

1  Spiegel  S.  and  Milstien,  S.  (2002)  J.  Biol.  Chem.  277, 25851-25854 

2  Olivera,  A.  and  Spiegel  S.  (2001)  Prostaglandins  64, 123-134 

3  Hia,  T.,  Lee,  M.j.,  Ancellin,  N.,  Paik,  j.H.  and  Kluk,  M.J.  (2001)  Science 
294, 1875-1878 

4  Fukushima,  N.,  Ishil  L,  Contos,  J.j.,  Weiner,  JA  and  Chun,  J.  (2001) 

Annu.  Rev.  Pharmacol.  Toxicol.  41, 507-534 

5  Chun,  J.,  Goetzl  E.J.,  Hla,  T.,  Igarashl  Y.,  Lynch,  K.R.,  Moolenaar,  w., 
Pyne,  S.  and  Tigyl  G.  (2002)  Pharmacol.  Rev.  54, 265-269 

6  Kupperman,  E.,  An,  S.,  Osborne,  N.,  Waldron,  S.  and  Stainier,  O.Y.  (2000) 
Nature  (London)  406, 192-195 

7  Liu,  Y.,  Wada,  R.,  Yamashita,  T.,  Ml  Y.,  Deng,  C.X.,  Hobson,  J.P., 
Rosenfeldt,  H.M.,  Nava,  V.E.,  Chae,  S.5.,  Lee,  M.J.  et  al.  (2000) 

J.  Clin.  Invest.  106,  951-961 

8  Brinkmann,  V.,  Davis,  M.D.,  Heise,  C.E.,  Albert,  R.,  Cottens,  S.,  Hof,  R., 
Bruns,  C,  Prieschl,  E.,  Baumruker,  T.,  Hiestand,  P.  et  al.  (2002) 

j.  Biol.  Chem.  277,  21453-21457 

9  Mandate,  5.,  Hajdu,  R.,  Bergstrom,  j.,  Quackenbush,  E.,  Xle,  j.,  Milligan,  j., 
Thornton,  R.,  Shel  G.J.,  Card,  0.,  Keohane,  C.  et  al.  (2002)  Science  296, 
346-349 

10  Meyer  zu  Heringdorf,  0.,  Lass,  H.,  Alemany,  R.,  Laser,  K.T.,  Neumann,  E., 
Zhang,  C.,  Schmidt,  M.,  Rauen,  u.,  Jakobs,  K.H.  and  van  Koppen,  C.J. 
(1998)  EMBO  J.  17,  2830-2837 

11  van  Koppen,  C.J.,  Meyer  zu  Heringdorf,  D.,  Alemany,  R.  and  Jakobs,  K.H. 
(2001)  Life  SCI.  68,  2535-2540 

12  Olivera,  A.  and  Spiegel,  5.  (1993)  Nature  (London)  365, 557-560 

13  Van  Brocklyn,  J.R.,  Lee,  M.J.,  Menzeleev,  R.,  Olivera,  A.,  Edsall,  L., 

Cuvillier,  0.,  Thomas,  D.M.,  Coopman,  P.J.P.,  Thangada,  5.,  Hla,  T.  and 
Spiegel  S.  0998)  J.  Cell  Biol.  142,  229-240 

14  Olivera,  A.,  Kohama,  T.,  Edsall  LC.,  Nava,  V.,  Cuvillier,  0.,  Poulton,  S.  and 
Spiegel  S.  (1999)  J.  Cell  Biol.  147, 545-558 

15  Cuvillier,  0.,  Pirianov,  G.,  Kleuser,  B.,  Vanek,  P.G.,  Coso,  O.A.,  Gutkind,  S. 
and  Spiegel  5.  (1996)  Nature  (London)  381, 800-803 

16  Morita,  Y.,  Perez,  G.I.,  Paris,  F.,  Miranda,  S.R.,  Ehleiter,  0., 
Halmovitz-Friedman,  A.,  Fuks,  Z.,  Xie,  Z.,  Reed,  J.C.,  Schuchman,  E.H., 
Kolesnick,  R.N.  and  Tilly,  J.L.  (2000)  Nat.  Med.  6, 1109-1114 

17  Edsall  L.C.,  Cuvillier,  0.,  Twitty,  S.,  Spiegel  S.  and  Milstien,  S.  (2001) 

J,  Neurochem.  76, 1573-1584 

18  Meyer  zu  Heringdorf,  0.,  Lass,  H.,  Kuchar,  I.,  Lipinskl  M.,  Alemany,  R., 
Rumenapp,  u.  and  Jakobs,  K.H.  (2001)  Eur.  j.  Pharmacol.  414, 145-154 

19  Rosenfeldt,  H.M.,  Hobson,  J.P.,  Maceyka,  M.,  Olivera,  A.,  Nava,  V.E., 
Milstien,  S.  and  Spiegel  S.  (2001)  FASEB  J.  15, 2649-2659 

20  Hobson,  J.P.,  Rosenfeldt,  H.M.,  Barak,  L.S.,  Olivera,  A.,  Poulton,  S.,  Caron, 
M.G.,  Milstien,  S.  and  Spiegel  5.  (2001)  Science  291, 1800-1803 

21  Alderton,  F.,  Rakhit,  S.,  Choi  K.K.,  Palmer,  T.,  Sambl  B.,  Pyne,  S.  and 
Pyne,  N.J.  (2001)  J.  Biol.  Chem,  276,  28578-28585 

22  Boujaoude,  LC,  Bradshaw- Wilder,  C.,  Mao,  C,  Cohn,  J.,  Ogrelmen,  B., 
Hannun,  YA  and  Obeid,  LM.  (2001)  J.  Biol.  Chem.  276, 35258-35264 

23  .  Vann,  L.R.,  Twitty,  5.,  Spiegel  S.  and  Milstien,  S.  (2000)  J.  Biol.  Chem. 
275, 13275-13281 

24  Xia,  P.,  Gamble,  J.R.,  Rye,  K.A.,  Wang,  L.,  Hil  C.S.T.,  CockeriH,  P., 
Khew-Goodall  Y.,  Bert,  A.G.,  Barter,  P.j.  and  Vadas,  M.A.  (1998) 

Proc.  Natl.  Acad.  Sci.  U.S.A.  95,  14196-14201 

25  Xia,  P.,  Wang,  L,  Gamble,  J.R.  and  Vadas,  M.A.  (1999)  J.  Biol.  Chem.  274 
34499-34505 

26  Osawa,  Y.,  Banno,  Y.,  Nagakl  M.,  Brenner,  D.A.,  Naikl  T.,  Nozawa,  Y., 
Nakashima,  5.  and  Moriwakl  H.  (2001)  J.  Immunol.  167, 173-180 

27  Vann,  L.R.,  Payne,  S.G.,  Edsall  LC.,  Twitty,  S.,  Spiegel  S.  and  Milstien,  S. 
(2002)  J.  Biol.  Chem.  277, 12649-12656 

28  Sato,  K.,  ishikawa,  K.,  Ul  M.  and  Okajima,  F.  (1999)  Brain  Res.  Mot. 

Brain  Res.  74, 182-189 

29  Sato,  K.,  Ul  M.  and  Okajima,  F.  (2000)  Brain  Res.  Mol.  Brain  Res.  85, 
151-160 

30  Xia,  P.,  Gamble,  J.R.,  Wang,  L,  Pitson,  S.M.,  Morettl  P.A.,  Wattenberg, 
B.W.,  D'Andrea,  R.J.  and  Vadas,  M.A  (2000)  Curr.  Biol.  10,  1527-1530 

31  Muller,  H.W.,  Junghans,  U.  and  K3ppler,j.  (1995)  Pharmacol.  Ther.  65, 
1-18 

32  Pebay,  A,  Toutant,  M.,  Premont,  J.,  Calvo,  C.F.,  Venance,  L.,  Cordier,J., 
Glowinskl  J.  and  Tence,  M.  (2001)  Eur.  J.  Neurosci.  13, 2067-2076 


c»2003  Biochemical  Society 


Mitogenk  and  Migratory  Signals  from  GPCRs  and  Tyrosine  Kinases 


1219 


33  Nava,  V.E.,  Hobson,  j.P.,  Murthy,  S.,  Milstien,  S.  and  Spiegel,  S.  (2002) 
Exp.  Cell  Res.  281, 115-127 

34  Radhika,  V.  and  Ohanasekaran,  N.  (2001)  Oncogene  20, 1607-1614 

35  Schwlndlnger,  W.F.  and  Robishaw,  j.D.  (2001)  Oncogene  20, 1653-1660 

36  Goodemote,  K.A.,  Mattie,  M.E.,  Berger,  A.  and  Spiegel,  S.  (1995) 

J,  Biol.  Chem.  270, 10272-10277 

37  An,  S.,  Zheng,  Y.  and  Bleu,  T.  (2000)  j.  Biol.  Chem.  275, 288-296 

38  Ollvera,  A.,  Rosenfeld,  H.M.,  Bektas,  M.,  Wang,  F.,  Ishii,  I., 

Chun,  J.,  Milstien,  S.  and  Spiegel,  S.  (2003)  J.  Biol.  Chem., 

DOl  10.1074/jbc.M308749200 

39  Paris,  F.,  Perez,  G.I.,  Fuks,  Z.,  Haimovitz- Friedman,  A.,  Nguyen,  H., 

Bose,  M.,  Hagan,  A.,  Hunt,  P.A.,  Morgan,  W.F.,  Tilly,  J.L  and  Kolesnick,  R. 
(2002)  Nat.  Med.  8,  901-902 

40  Shu,  X.,  Wu,  W.,  Mos teller,  R.O.  and  Broek,  D.  (2002)  Mol.  Cell.  Biol.  22, 
7758-7768 


41  A^andala,  S.M.,  Thornton,  R.,  Tu,  Z.,  Kurtz,  M.B.,  Nickels,  j..  Broach,  J., 
Menzeleev,  R.  and  Spiegel,  S.  (1998)  Proc.  Nat.  Acad.  Sci.  U.S.A.  95, 
150-155 

42  Mao,  C,  Saba,  j.O.  and  Obeid,  LM.  (1999)  Biochem.  J.  342,  667-675 

43  jenkins,  G.M.  and  Hannun,  Y.A.  (2001)  J.  Biol.  Chem.  276, 8574-8581 

44  Rani,  C.S.,  Berger,  A.,  Wu,  J.,  Sturgill,  T.W.,  Beitner-johnson,  D,, 

LeRoith,  D.,  Varticovski,  L.  and  Spiegel,  S.  (1997)  j.  Biol.  Chem.  272, 
10777-10783 

45  Kleuser,  B.,  Maceyka,  M.,  Milstien,  5.  and  Spiegel,  S.  (2001)  FEBS  Lett. 
503,  85-90 

46  Coursol,  S.,  Fan,  L.M.,  Le  Stunff,  H.,  Spiegel,  5.,  Gilroy,  S,  and  Assmann, 
S.M.  (2003)  Nature  (London)  423, 651-654 


Received  4  July  2003 


C2003  Biodiemkat  Society 


PERGAMON 


Progress  in 
Lipid  Research 


Progress  in  Lipid  Research 


WWW  .clsevier.com  /loca  to/  pli  pres 


Review 


Pleiotropic  actions  of  sphingosine-1 -phosphate 

Kenneth  Watterson^*,  Heidi  Sankala“,  Sheldon  Milstien*’,  Sarah  Spiegel'^-* 

‘'Department  of  Biochemistry,  Medical  College  of  Virginia  Campus.  Virginia  Commonwealth  University. 

1 101  E.  Mar.vhall  Street.  Richmond,  VA  23298,  USA 

Laboratory  of  Cellular  and  Molecular  Regulation.  National  Institute  of  Mental  Health,  Bethesda,  MD  20892.  US.4 


Abstract 

Sphingosine-l-phosphate  (SIP)  is  a  bioactive  sphingolipid  metabolite  that  regulates  diverse  cellular 
responses  including,  growth,  sumval,  cytoskeleton  rearrangements  and  movement.  SIP  plays  an  important 
role  during  development,  particularly  in  vascular  maturation  and  has  been  implicated  in  pathophysiology 
of  cancer,  wound  healing,  and  atherosclerosis.  This  review  summarizes  the  evidence  showing  that  .signaling 
induced  by  SIP  is  complex  and  involves  both  intracellular  and  extracellular  actions.  The  intracellular 
effects  of  SIP  remain  speculative  awaiting  the  identification  of  specific  targets  whereas  the  extracellular 
effects  of  SIP  are  clearly  mediated  through  the  activation  of  five  specific  G  protein  coupled  receptors, 
called  S1P|_5.  Recent  studies  demonstrate  that  intracellular  generated  SIP  can  act  in  a  paracrine  or  auto¬ 
crine  manner  to  activate  its  cell  surface  receptors. 
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membrane  ruffling  and  cell  migration  [68].  These  observations  may  be  physiologically  relevant  as 
SIP2  is  expressed  in  cells  in  which  SIP  inhibits  cell  migration,  such  as  melanoma  and  vascular 
smooth  muscle  cells  [68]. 


7.  SIP4  and  SIP5 

SIP4  and  SIP5  are  the  most  recently  identified  and  therefore  the  least  well  characterized  SlPRs. 
SIP4  has  a  highly  restricted  expression  pattern,  being  expressed  primarily  in  lymphoid  and 
hematopoeitic  tissues,  as  well  as  in  the  lung  [38,56].  SIP5  is  expressed  in  a  variety  of  tissue  types 
but  is  highly  expressed  in  the  white  matter  of  the  brain  and  in  the  spleen  [38.56,69,70].  SIP4 
mediates  S IP-induced  PLC  activation,  intracellular  Ca-"^  mobilization,  and  MAPK  activation,  in 
a  PTX-sensitive  manner  [38].  SIP5  couples  to  Gi.o  and  0,2  but  not  to  Gs  or  Gq,,,  [69.71].  In  CHO 
cells  transfected  with  SIP5,  SlP-inhibited  forskolin-induced  cAMP  accumulation  was  PTX-sen¬ 
sitive  while  activation  of  JNK  and  inhibition  of  serum-induced  activation  of  ERKl/2  was  PTX- 
insensitive  [71].  The  inhibitory  effect  of  SIP  on  ERKl/2  activity  was  abolished  by  treatment  with 
orthovanadate,  suggesting  the  involvement  of  a  tyrosine  phosphatase  [71]. 


8.  SI  PR  signaling  in  angiogenesis 

One  of  the  most  important  biological  roles  of  SlPRs  is  in  angiogenesis,  the  process  of  new  blood 
vessels  formation  from  pre-existing  ones.  This  process  is  an  integral  component  of  many  physi¬ 
ological  events,  such  as  embryonic  development,  wound  healing,  and  the  menstrual  cycle,  each  of 
which  are  defined  by  a  requirement  for  new  vessel  formation  to  simultaneously  supply  oxygen  and 
nutrients  [72].  Angiogenesis  is  also  critically  important  in  a  number  of  pathological  conditions  asso¬ 
ciated  with  blood  vessel  formation,  including  solid  and  hematologic  tumor  progression,  chronic 
inflammation  in  rheumatoid  arthritis  and  Crohn’s  disease,  endometriosis,  and  diabetic  retinopathy 
[72].  The  process  of  angiogenesis  involves  a  number  of  steps;  1)  initiation;  2)  endothelial  cell  migration 
and  proliferation;  .3)  differentiation;  and  4)  maturation  of  the  neovasculature.  Recent  studies  have 
suggested  that  these  steps  are  regulated  by  S  IP-dependent  activation  of  SI  Pi  [47.50,55,57,73,74]. 


9.  Initiation  of  angiogenesis 

Vascular  endothelial  growth  factor  (VEGF),  an  imporuint  mediator  of  angiogenic  initiation,  is 
known  to  act  on  VEGF  receptors  (VEGFRs)  to  induce  vasodilatation  via  NO  production  and 
increased  endothelial  cell  permeability,  allow'ing  plasma  proteins  to  enter  the  tissue  and  form  a 
fibrin-rich  provisional  network.  To  date,  there  are  three  known  VEGF  tyrosine  kinase  receptors- 
VEGFR-1  (Flt-1),  VEGFR-2  (KDR  or  Flk-I)  and  VEGFR-3  (Flt-4).  VEGFR-1  and  VEGFR-2 
are  expressed  mainly  in  the  vascular  endothelium  whereas  VEGFR-3  is  mostly  restricted  to  the 
lymphatic  endothelium  [72].  Recent  studies  demonstrated  that  SIP  activation  of  SlPi  results  in 
Akt-dependent  phosphorylation  of  eNOS  and  increased  NO  [50,51,53,75].  This  suggests  that 
SI  Pi  activation  may  affect  vasodilatation  in  conjunction  with  VEGF. 
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10.  Endothelial  cell  migration,  proliferation  and  morphogenesis 

Directional  endothelial  cell  motility  is  driven  by  a  number  of  chemoattractants  that  bind 
GPCRs  (interleukin-8  and  fMLP)  or  growth  factors,  such  as  VEGF  and  fibroblast  growth  factor 
(FGF)  [72.76,77],  Several  studies  have  shown  that  SlPi  is  a  critical  regulator  of  endothelial  cell 
migration  and  proliferation  [50.51,55,73,78-80].  However,  inhibition  of  NO  production  had  no 
effect  on  S IP-induced  endothelial  cell  chemotaxis.  whereas  VEGF-dependent  chemo.taxis  was 
blocked  [51]. 

SIP  I  activation  also  regulates  many  of  the  components  that  are  involved  in  morphogenesis.  SIP 
stimulation  of  SI  Pi  and  SIP.,  expressed  in  HUVECs  results  in  activation  of  avP.,-  and  pi-con- 
taining  integrins  [54].  In  addition  to  regulating  cell  spreading  and  migration,  antagonists  of  avP3 
and  Pi-containing  integrins  inhibited  S IP-induced  endothelial  cell  morphogenesis  in  a  three- 
dimensional  fibrin  matrix  [54],  Activation  of  SlPi  and  SIP3  also  activate  Rac-  and  Rho-depen- 
dent  adherens  junction  assembly  and  cytoskeletal  rearrangement  that  ultimately  result  in  differ¬ 
entiation  into  capillary-like  networks  [57].  Rac  and  Rho  are  involved  in  S IP-stimulated 
translocation  of  VE-cadherin  and  P-catenin  to  cell-cell  junctions  [57].  Interestingly,  in  contrast  to 
the  action  of  SIP,  VEGF  disrupts  adherens  junctions  [36.57], 


II.  iVIaturation  of  neovasculature 

Once  the  neovasculature  has  been  formed,  endothelial  cells  must  deposit  a  new  basement 
membrane  and  recruit  surrounding  vessel  layers  composed  of  mural  cells,  such  as  pericytes  in 
small  vessels  and  smooth  muscle  cells  in  large  vessels  [76.77.81].  Recruitment  of  mural  cells  is 
largely  dependent  upon  the  synthesis  and  secretion  of  PDGF  within  endothelial  cells  [72].-.  On 
endothelial  cell-mural  cell  contact,  a  latent  form  of  transforming  growth  factor-P  (TGF-p).  pro¬ 
duced  by  both  endothelium  and  mural  cells,  is  activated  in  a  plasmin-mediated  process  [76]  and 
induces  changes  in  myofibroblasts  and  pericytes,  leading  to  the  formation  of  a  quiescent  ves.sel, 
ECM  production  and  maintenance  of  growth  control  [76], 

Studies  on  SlPi  knockout  mice  showed  that  it  is  essential  for  vascular  maturation  as  its  gene 
disruption  resulted  in  impaired  vascular  maturation  due  to  the  failure  of  mural  cells  to  migrate  to 
arteries  and  capillaries  to  reinforce  them  [47].  In  fact,  although  SIP]  null  embryos  died  in  utero 
due  to  massive  hemorrhage,  they  exhibited  normal  vasculogenesis  and  a  substantially  normal 
blood  ves.sel  network,  yet  were  severely  impaired  in  the  recruitment  of  smooth  muscle  cells  and 
pericytes  to  the  vessel  walls  and  this  was  attributed  to  their  defective  migration  [47].  Extracellular 
SIP  can  directly  stimulate  SlPj  on  vascular  smooth  muscle  cells  (VSMCs),  facilitating  their 
migration  to  vessel  walls  or,  alternatively,  can  stimulate  SI  Pi  expressed  in  endothelial  cells  that  in 
turn  may  recruit  VSMCs  [47],  Recent  studies  have  demonstrated  that  the  effect  of  SIP,  on  vas¬ 
cular  maturation  can  be  attributed  to  the  cross-talk  between  SIP,  and  PDGF  receptor  signaling 
[55,80]  (Fig.  2).  Cell  migration  toward  PDGF,  which  stimulates  SPHK  and  increases  intracellular 
SIP,  was  dependent  upon  SIP,  expression  in  a  number  of  cell  types,  including  HEK  293  cells, 
human  aortic  smooth  muscle  cells  (ASMCs)  and  MEFs  [55].  It  was  therefore  suggested  that 
spatially  and  temporally  localized  generation  of  SIP  by  activation  of  SPHK  in  response  to  PDGF 
results  in  restricted  activation  of  SIP,  that  in  turn  activates  Rac,  resulting  in  an  increase  in  cell 
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Lamellipodia  formation 
Cell  migration 


Fig.  2.  Cross-talk  between  PDGFR  and  SlPi  and  its  role  in  cell  migration.  Cell  migration  towards  PDGF.  which  sti- 
mitiaie.s  SPHK  and  increases  intracellular  SIP.  has  been  shown  to  be  dependent  upon  SIP)  e.xpre.ssion.  PDGF-depen- 
dent-generation  of  SIP  by  activation  of  SPHK  results  in  SlPi-dependeni  activation  of  Rac,  leading  to  cell  migration 
towards  PDGF. 


motility  [55].  Moreover,  PDGF-induced  cytoskeletal  rearrangements,  lamellipodia  extensions  and 
cell  motility  are  abrogated  in  SIP,  null  fibroblasts  [80].  Also,  PDGF-induced  focal  adhesion  for¬ 
mation  and  activation  of  FAK,  Src  and  SAPK  2  were  disregulated  in  the  absence  of  SI  Pi  [80]. 
However,  SlPi  was  not  involved  in  mitogenicity  and  survival  effects  induced  by  SIP  or  PDGF 
[80].  Hence,  it  was  suggested  that  SI  Pi  acted  as  an  integrator  linking  the  PDGFR  to  lamellipodia 
extension  and  cell  migration  [55,80]. 


12.  The  role  of  SIPR  cross-talk  in  SIP  signalling 

As  outlined  above,  many  of  the  effects  induced  by  extracellular  SIP  can  be  attributed  to  cross¬ 
talk  between  different  receptors.  For  instance,  activation  of  SlPi  and  SIP3  is  required  for  the 
activation  of  Rho  and  integrin  in  HUVECs,  yet  activation  of  Rac  only  requires  SlPi  [54,57], 
Also,  proliferation  of  human  aortic  endothelial  cells  requires  both  SlPj  and  SIP3  signaling  [73]. 
Cross-talk  between  SlPi  and  SIP2  is  also  involved  in  the  activation  of  ERKl/2  in  C6  glioma  cells 
[44].  Additionally,  cross-talk  has  also  been  described  between  SIP,  and  the  PDGFR.  suggesting 
that  further  cross-talk  mechanisms  may  exist  between  other  receptor  family  members  [55.80].  Jn 
fact,  it  has  recently  been  demonstrated  that  SIP,  can  be  phosphorylated  in  an  agonist-indepen- 
dent  manner  via  the  activation  of  PKC  [46]  as  well  as  in  an  agonist-dependent  manner  via  GRK2 
activation  (Fig.  3).  Hence,  it  is  possible  that  S1P|  may  also  be  regulated  by  other  receptor  sig¬ 
naling  mechanisms  through  PKC  activation. 
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Fig.  3.  Poteniial  involvemenl  of  PKC  in  SlP-mediaied  phosphorylaiion  of  SlP|.  Binding  of  SIP  lo  SIP,  can  lead  to 
aciivalion  of  phosphorylation  of  SlPi-  SlPi  can  also  be  phosphorylaied  in  an  agonisi-independenl  manner  via  the 
activation  of  PKC.  See  text  for  more  information. 


The  exact  mechanisms  involved  in  such  cross-talk  mechanisms  constitute  an  interesting  and 
rapidly  growing  aspect  of  SIPR  research.  One  intriguing  possibility  is  that  receptor  cross-talk 
is  influenced  by  receptor  dimerization.  A  recent  study  has  demonstrated  that  a  high  degree 
of  dimerization  exists  within  the  SIPR  family  [82],  For  example,  SlPi,  SIP2  and  SIP3  have 
been  shown  to  exist  as  monomers  and  as  dimers  independent  of  agonist  activation  [82]. 
Interestingly,  dimerization  has  also  been  shown  between  SlPj  and  SIP3,  SIP]  and  SIP2  and 
also  SlPi  and  SIP2  [82].  The  implications  of  SIPR  dimerization  in  terms  of  signaling  are 
unknown.  However,  the  possibility  remains  that  many  of  the  effects  requiring  more  than  one 
SIPR  may  be  influenced  by  receptor  dimerization.  It  is  also  possible  that  SlPRs  may  form  com¬ 
plexes  with  other  receptor  subtypes.  It  was  previously  shovm  that  co-stimulation  of  airway 
smooth  muscle  cells  with  SIP  and  PDGF  elicits  stronger  p42/p44  MAPK  activation  than  each 
agonist  alone  [83].  It  was  subsequently  demonstrated  that  the  PDGFR  can  also  form  a  tethered 
complex  with  SIP]  [84].  This  complex  enables  the  PDGFR  to  induce  more  efficient  tyrosine 
phosphorylation  of  G^j  released  upon  stimulation  of  SIP;  and  that  tyrosine  phosphorylation  of 
Gai  was  required  for  PDGF  and  SIP  to  stimulate  the  p42/p44  MAPK  pathway  [84].  Interest¬ 
ingly,  stimulation  of  the  p42/p44  MAPK  pathway  promotes  endothelial  cell  entry  into  the  cell 
cycle,  and  induces  transcription  of  VEGF,  all  of  which  are  important  in  the  process  of  angio¬ 
genesis  [85]. 
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13.  Future  directions  and  conclusions 

Within  the  past  few  years  there  has  been  much  progress  in  understanding  the  signaling  prop¬ 
erties  and  functions  of  the  different  SIPRs.  Many  studies  point  to  an  important  role  of  SIPi  in 
vascular  maturation  and  angiogenesis .  Much  less  is  still  known  of  the  physiological  and  patho¬ 
logical  functions  of  the  other  SIPRs.  A  better  understanding  of  SIP  signaling  pathways,  whether 
intra-  or  extracellular,  should  be  useful  in  identifying  targets  for  the  development  of  therapeutics 
for  a  number  of  disease  states.  For  example,  there  is  much  interest  in  the  development  of  Si  Pi 
antagonists  and/or  SPHK  inhibitors  for  the  treatment  of  cancer  since  SIP  plays  such  an  impor¬ 
tant  role  regulating  endothelial  cell  proliferation,  survival,  migration  and  vascularization,  all  cri¬ 
tical  proces.ses  in  cancer  progression.  Development  of  specific  SI  PR  agonists  and  antagonists 
should  allow  for  a  more  accurate  delineation  of  the  effects  of  these  receptors  and  provide  poten¬ 
tially  useful  new  therapeutics  specifically  targeting  this  novel  sphingolipid  metabolite. 
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Introduction 


The  endothelial  differentiation  gene  (EDO)  family  of 
G-protcin  coupled  receptors  (GPCRs)  comprises  high-affinity 
receptors  for  the  lysophospholipids.  lysophosphosphatidic 
acid  (LPA),  and  sphingosine-1 -phosphate  (SIP)  [1.2].  The 
homologous  EDG  receptors  are  clearly  divided  into  two 
classes:  three  that  bind  LPA  (EDG-2/LPAj,  EDG-4/LPA2, 
EDG-7/LPA,) and  five  that  bind  SIP  fEDG-l/S  1 P,.  EDG-3/ 
SIP.,.  EDG-5/S1P.,  EDG-6/SIP4,  EDG-aSlPi).  Molecular 
modeling  and  targeted  mutagenesis  have  shown  that  SlPRs 
and  LPARs  use  very*  similar  motifs  for  binding  of  ligands,  with 
one  amino  acid  primarily  determining  tlie  diffeience  in  speci¬ 
ficity  (3J.  A.s  several  excellent  reviews  have  recently  appeared 
on  LPARs  and  our  studies  have  concentrated  on  dissecting 
molecular  signaling  pathways  regulated  by  S 1 P  [4.5],  we  have 
focused  in  tins  chapter  on  lipid  signaling  to  and  througli  SlPRs. 

SIP  is  fonneci  by  sphingoslne  kinase  tSphK).  of  which  thei'e 
arc  two  known  mammalian  isoform.s  (for  review,  sec  [6j). 
SphKs  are  cvolutionarily  conserved  and  catalyze  the  ATP- 
dependent  phosphorylation  of  the  primary  hydroxyl  ofsphin- 
gosinc.  the  common  backbone  of  mammalian  sphingolipids. 
SIP  is  an  interesting  molecule  that  is  an  intercellular  mes- 
.senger  and  an  intracellular  second  messenger  [7].  This  greatly 
complicates  interpretation  of  results  when  adding  exogenous 
SIP  to  cells:  Is  the  response  observed  due  to  cell  surface 
receptors,  effects  on  intracellular  targets,  or  both?  A  prepon¬ 
derance  of  studies  have  indicated  that  many  of  the  biological 
cITccls  of  sip  arc  mediated  by  specific  SI  PRs  and  the  lack 
of  confinned  intracellular  targets  appears  to  bolster  these 
claims.  However,  others  have  suggested  that  certain  results 
are  better  explained  by  receptor-independent  intracellular 
cffecLs  of  SIP.  First,  the  well-known  SlPRs  typically  have 


in  the  2~30  iiM  range  [2.8],  wlicrea.s  effects  of  SIP  on 
growth  and  suppression  of  apoptosis  usually  require  micro- 
molar  conccmraiion.s  [9].  In  addition,  dihydrosphingosinc- 
1  -phosphate  (dhS  I P),  which  has  the  same  structure  a.s  S I P  but 
only  lacks  the  4.5-/m/w  double  bond,  binds  to  and  activates  all 
of  the  SlPRs.  However.  dhSlP  docs  not  mimic  the  cffcct.s  of 
SIP  on  growth  and  survival  [10],  thus  suggesting  that  these 
effects  arc  likely  to  be  mediated  by  intracellular  actions  of  S I P. 

The  SlPRs 


SIP  w'as  identified  as  the  natural  high  affinity  ligand  of 
SIP,  [2],  which  wa.s  shown  to  be  higltly  specific,  only  binding 
SIP  and  dhSlP  [1 1,12].  SIP,  is  coupled  to  G«i  and  [13] 
but  not  G,„,  G„q,  or  G„,2;|3  [14].  Thus,  pertussis  toxin,  which 
inhibits  proteins,  is  a  useful  tool  for  dissecting  signal¬ 
ing  through  SIP,,  .'ilpf  deleted  mice  died  in  ntero  between 
E 1 2..1  and  E  14.5  due  to  ina.ssivc  hemorrhaging  [15].  .Although 
vasculogenesis  and  angiogenesis  are  normal  in  the  sIppA 
mice,  vascular  smooth  muscle  cells  failed  to  completely 
surround  and  seal  the  vasculature,  thereby  leading  to  hem¬ 
orrhage.  On  a  cellular  level,  the  defect  was  linked  to  an 
inability  of  SiP,  null  fibroblasts  to  migrate  toward  SIP. 
likely  due  to  dysfunctional  Rac  activation,  and  indicated  the 
important  role  of  SIP/SIP,  signaling  in  motility. 

SIP2  is  unique  in  being  the  only  one  of  the  SlPRs  with 
a  significantly  poorer  affinity  for  dhSlP  than  SIP  [16]. 
SIP,  has  a  wide  tis.suc  distribution  [17]  and  a  Aj  for  SIP  of 
20-30  nM  [  1 1  ].  In  addition  to  S I P2  couples  to  and 
[14).  SIP,  has  been  linked  to  increases  in  cAMP 
levels  and  thus  may  couple  weakly  to  G,„  in  some  cell  types 
depending  on  the  pattern  of  expression  of  both  GPCRs  and 


247 


Mandhook  of  Cell  Signaling,  Volume 


Copyright  i*  2(X>.1.  Kl/wvlgr  Science  ( t;.S.\}, 
,\ll  rights  fcsened. 


Eradshaw-163 .qxd  4/30/03  12:08  AM  Page  248 


248 


Paht  11  Transmission:  EfTcciors  and  Cytosolic  Hvcnis 


G  proteins  (IS].  SIP^  regulates  diverse  signaling  pathways, 
including  calcium  mobilization,  stimulation  of  NF*kB,  and 
inhibition  of  Rac-dependent  cell  migration  in  certain  cell 
types  [  1 9,20] 

Si  P?  has  also  been  knocked  out  in  mice  [2 1 ]  and  in  contra.si 
10  s  mice,  these  mice  have  no  obvious  anatomical  or  phys¬ 
iological  phenotypes.  It  is  interesting  that  mammalian  SI  Pi 
is  highly  homologous  to  the  zebiafish  gene  miles  apart  \21\. 
Two  Inactivating  mutations  in  miles  apart  prevent  the  nor- 
nul  migration  of  heart  primordia.  thiLS  resulting  in  abnormal 
cardiac  development.  The  heart  precursor  cells  from  the  miles 
apart  mutants  migrated  normally  w'hcn  transplanted  into 
wild-type  embryos,  bur  wild-ty'pe  cells  foiled  to  migrate  in 
mutant  embryos,  a  result  that  .suggests  that  the  2cbrafi.sh  SI  Pi 
homologue  is  required  for  generating  a  migration-perm ii;,sive 
environment. 

SI  Pj  was  shown  to  be  activ'atcd  by  SI P  [23]  with  a  of 
2(V-3()nM  [11.12]  and  to  couple  to  G^^q,  and 
but  not  f  14].  S I  P^-null  mice  have  been  generated  and  also 
have  no  obvious  phcnorvpe  [24].  S 1 P.  has  been  linked  to  many 
signaling  pathways,  including  calcium  mobilization,  stimu¬ 
lation  of  NF-kB.  and  NO  production  [25,26]. 

The  two  remaining  SlPRs  have  a  more  narrow  tissue 
distribution.  SI  P4  is  expressed  almost  exclusively  in  lymphoid 
and  hematopoietic  cells,  as  well  as  in  the  lung  [27].  SI  P4  has 
a  /Cj  for  SI  P  of  12-63  nM.  as  determined  by  difTercnt  groups 
[2S,29].  and  couples  to  G,,;;,,.  The  final  SI  PR.  SIP5,  previ¬ 
ously  named  EDG-8  and  is  expressed  predominantly 
in  the  central  nervous  system  and  to  a  lesser  extent  in  lym¬ 
phoid  tis.sue  [8,30].  S 1 P5  couples  to  G.^- ,  and  G^,^,,^,  but  not 
to  orG„q  [31]  and  has  a  for  SIP  of 2-6  nM  [8,31]. 

SIP  Signaling  via  SlPRs 


Intriguing  questions  concerning  ly'solipid  messengers  are 
what  regulates  the  levels  of  these  amphipatliic  molecules  and 
how  do  they  get  to  their  target  cells?  Platelets  are  known  to 
.store  S 1 P  and  release  it  upon  stimulation  (reviewed  in  [32]). 
HUVECsand  C6  glioma  cells  release  SIP  to  the  extracellu¬ 
lar  milieu  [33,34].  Moreover,  even  w’hen  SIP  release  from 
cells  is  below  detectable  limits,  co-culiuring  cells  expressing 
SIP,  with  cells  producing  SI  P  due  to  overexpression  of SphK 
induced  activ'ation  of  SIP,  on  adjacent  as  well  as  di.stant 
cells,  thus  indicating  either  that  vanishingly  small  amounts 
of  S I P  are  released  or  that  it  can  be  transferred  from  one  cell 
to  another  by  cell-cell  interactions,  or  both  [35].  Thus,  SIP 
can  act  in  an  autocrine  and/or  paracrine  manner.  In  support 
of  this  concept,  the  chemoattractant  PDGF  recruits  SphK  to 
the  plasma  membrane,  where  SlPRs  arc  located,  and  espe¬ 
cially  to  structures  known  as  lamellipodia  [36].  Giv'cn  the 
importance  of  lamellipodia  and  SIP^  in  chcmotixis,  this 
finding  suggests  that  SI  P  is  produced  and  released  from  the 
cell  in  a  spatially  restricted  manner,  providing  ccll.s  with  a 
sense  of  direction.  In  addition,  a  recent  report  claims  that 
type  I  SphK  Is  scaeted  from  cells  in  a  catalyiically  active 
fonn  and  may  cataly'ze  tlic  formation  of  SIP  at  or  near  the 


plasma  membrane  [33].  Further  studies  are  necessary  to 
confinn  a  role  for  extracellular  SphK. 


Transactivation  of  SI  PRs 


.An  intriguing  aspect  of  the  sipj-'-  phenotype  is  tluil  it 
appears  to  be  nearly  identical  to  that  of  the  PDCF-BB  and 
PDGFR-p  knockouts  [1 5],  as  these  embryos  also  die  because 
ot  a  vascular  smooth  mu.scle  cel!  migration  detect.  Becau.se 
PDGF  stimulates  SphK  and  increases  SI  P  [10].  it  thcretbre 
appeared  possible  that  SlPj  and  PDGF  signaling  pathways 
are  linked.  Indeed.  embr>'onic  fibroblasts  from  .v/p;-/-  mice, 
in  contrast  to  wild-type  cells,  failed  to  migrate  tow'ard  both 
SIP  and  PDGF  [35].  Moreover,  enforced  expression  ofSl  P, 
in  HEK  293  cells,  w'hich  express  low  basal  levels  of  SIP,, 
increased  their  ability  to  migrate  toward  PDGF,  and  antisense 
ablation  of  S1P|  significantly  inhibited  migration  toward 
PDGF  [36].  A  specific  inhibitor  of  SphK  also  blocked 
PDGF-induccd  motility.  Taken  together,  these  results  sug¬ 
gest  a  transactivation  pathway  linking  PDGF  though  SphK 
to  the  autocrine  and/or  paracrine  release  of  SIP  that  then 
stimulates  SlPj  to  regulate  motility.  Furthermore,  it  was 
independently  shown  that  SIP,  potentiated  the  response  to 
PDGF  in  HEK  293  cells  overexpressing  PDGFR  [37]. 
How'ever,  in  this  case,  these  effects  appeared  to  be  inde¬ 
pendent  of  SphK,  and  it  was  suggested  tltat  PDGFR  and 
SIP,  w'ere  tethered  in  a  complex  that  was  activated  inde¬ 
pendently  of  SIP. 


Downstream  Signaling  from  SlPRs 


Because  the  S I  PRs  arc  coupled  to  hcicrotrimeric  G  proteins, 
the  types  of  signals  transduced  are  many  and  varied,  depend¬ 
ing  on  the  specific  isoforms  of  G„  and  Gp,.  that  are  present. 
Thus,  signals  linked  to  a  Si  PR  in  one  cell  t)T)c  may  not  be 
linked  in  the  same  manner  in  a  second  cell  type.  For  exam¬ 
ple,  tran.sfcction  with  SIP,  increases  SlP-induccd  calcium 
mobilization  in  CHO  celLs  [38]  but  not  in  COS-7  cells  [39j. 
Determining  w'hich  specific  SI  PR  is  involved  In  a  particular 
re.sponse  is  difficult  because  most  cells  express  multiple 
SlPRs.  To  date,  SI  PR  specific  agonists  or  antagonists  have 
not  been  developed.  Thus,  to  elucidate  the  role  of  a  particular 
SI  PR,  either  transfection  of  receptor  negative  or  knockout 
cells  or  antisense  approaches  have  been  used.  Given  the  diver¬ 
sity  of  GPCR  signaling,  it  is  not  surprising  that  results  from 
these  experiments  demonstrate  that  SlPRs  control  the  major 
lipid-mcdiatcd  signaling  pathway*;,  as  discussed  below. 

Phospholipase  C  Many  of  the  responses  linked  to  S 1  PR 
signaling  involve  increases  in  intracellular  calcium.  Generation 
of  the  second  messenger  inositol  trisphosphate  (TP,)  by 
activation  ot  pho.spholipa.se  C  (PLC)  is  the  major  pathway 
leading  to  intracellular  calcium  increases.  CHO  cells  trans¬ 
fected  with  SIP,,  SIP^,  SIP,,  or  S]p4,  but  not  vector  con- 
U'ols.  had  tncrca.scd  IP-  production  and  calcium  release  in  an 
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SlP‘depencIent  manner  [28],  In  contrast,  in  Jurkat  T  cells. 
SI  p2  and  SIP3.  but  not  SIP,,  elicited  IP3-mcdiated  calcium 
responses  [25].  On  a  more  physiological  level,  in  HUVECs. 
which  express  SIP,,  and  to  a  lesser  extent  SI  P3,  S 1 P  stimu¬ 
lated  nitric  oxide  (NO)  production  by  calcium-dcpendcnt 
epithelial  nitric  oxide  synthase  (cNOS)  [40].  NO  production 
was  blocked  by  the  PLC  inhibitor  U73122.  the  calcium 
chelator  BAPTA-AM,  and  antisense  oligonucleotides  to 
SI  P,  or  SIP;,,  thus  demonstrating  a  role  for  both  SlPRs  in 
activation  of  PLC.  Furthermore,  fibroblasts  from  SlP^-nul! 
mice,  but  not  littermaie  controls,  failed  to  activate  PLC  upon 
SIP  addition  [24]. 

Phospholipase  O.  Another  important  lipid  second 
mesiicnger  is  phosphatidic  acid  (P.A).  w'hich  is  generated  by 
activation  of  phospholipase  D  (PLD).  Overexpression  of 
SI  P,  in  HEK  293  or  NIH  3T3  cells  did  not  result  in  actix-a- 
tion  of  PLD  [9].  However,  in  C2C12  skeletal  muscle  cells. 
SI  P  stimulated  PLD  via  either  SIP,.  SIP2.  or  SI P3  in  a  per¬ 
tussis  loxin-sensiiivc  manner  [41],  Transfection  of  cither 
SIP,  or  SIP2  in  C6  glioma  cells  conferred  SlP-dependent 
PLD  stimulation  and  PA  fonnation  [42].  SlP.  also  induced 
production  of  PA.  specifically  through  activation  of  PLD2  in 
CHO  cells  [43]. 

Phospharulylinosiiol-J-kinase.  .Activation  of  phos- 
phaiidylinosiiol-3-kinase  (P13K)  promotes  cel!  survival, 
cy'toskeletal  remodeling,  and  vesicular  trafficking  [44].  PI3K 
also  promotes  activation  of  the  protein  kinase  Akt  in  two 
way.s:  U'an.s  location  of  Akt  to  the  membrane  by  binding  phos- 
phatidylinositoI-3,4-bisphosphatc  and  activation  of  phos- 
phoinositide-dependent  kinases,  which  phosphorylate  and 
activate  Akt  (reviewed  in  [45]).  Though  the  SlPRfs]  involved 
were  not  identified.  SI  P  induced  chcmoia.xis  and  angiogen¬ 
esis  of  endothelial  cells  both  in  vivo  and  in  vitn)  in  a  PI3K-  and 
.Aki-dependem  manner  [46.47].  SIP,  transiently  transfected 
in  COS-7  cells  led  to  activation  of  Akt.  which  was  inhibited 
by  the  PI3K  inhibitor  wortmannin  [48].  Further  work  from 
this  group  implicated  stimulation  of  the  P131Cp  isofoims 
in  SlP-dependent  signaling  to  PI3K  [49].  On  a  more  ph>'sio- 
logical  level,  vcniricularcardiomyocyie  hypertrophy  induced 
by  SIP  was  inhibited  by  both  wonmannin  and  by  SIP,  anti¬ 
body  [50].  SIP,.  SIP2,  and  SIP3  transfected  into  CHO  cells 
each  activated  PI3K  in  response  to  S I P  [43.5 1  ].  It  is  interest¬ 
ing  that  in  this  system,  SIP,  and  S 1 P,  promoted  S 1  P-induced 
chemotaxis,  while  SI P2  inhibited  it. 

Sphingosine  Kinase.  SIP  has  been  demonstrated  to 
release  calcium  from  non-IP.  releasable  microsomal  stores, 
though  the  intracellular  receptoits)  are  unknown  [52-54]. 
Meyer  zu  Hcringdorf  and  colleagues  demonstrated  that 
HEK  293  cells  endogenously  c.xpressing  SIP,.  SIP2.  and 
SIP3  mobilized  calcium  in  response  to  SIP  [55].  However, 
in  these  cells,  PLC  was  not  activated  and  there  was  no  meas¬ 
urable  production  of  IP,.  VVhat  is  especially  interesting,  they 
found  that  SIP  stimulated  SphK  and  SIP  production,  and 
the  increase  in  SIP  levels,  as  well  as  calcium  release,  was 


reduced  by  inhibitors  of  SphK.  SIP  production  was  also 
completely  blocked  by  pertussis  toxin,  indicating  the 
involvement  of  G, -linked  GPCRs  in  the  process.  Thus, 
the  remarkable  obserx'ation  was  made  that  extracellular  SIP 
regulates  intracellular  S I P  formation  [55]. 
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Sphingohpids  have  been  implicated  in  various  cellular  processes  including  growth,  cell-cell  or  ligand-receptor  interac¬ 
tions,  and  differentiation.  In  addition  to  their  importance  as  reservoirs  of  metabolites  with  important  signaling  properties, 
sphingohpids  also  help  provide  structural  order  to  plasma  membrane  lipids  and  proteins  within  the  bilayer.  Glycosylated 
sphingohpids,  and  sphingomyelin  in  particular,  are  involved  in  the  formation  of  lipid  rafts.  Although  it  is  well  accepted  that 
ceramide,  the  backbone  of  all  sphingohpids,  plays  a  critical  role  in  apoptosis,  less  is  known  about  the  biological  functions 
of  glycosphingolipids.  This  review  summarizes  current  knowledge  of  the  involvement  glycosphingolipids  in  cell  death  and 
in  other  pathological  processes  and  diseases. 
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Introduction 

Glycosphingolipids  (GSL)  arc  lipid  components  of  membranes 
(hat  are  important  lor  the  proper  development  of  vertebrates. 
They  are  involved  in  multiple  processes,  including  cell  type 
specific  adhesion,  ccll-cell  Interaction.  cmbry'Ogcncsis.  and  de¬ 
velopment  and  differentiation  of  neuronal  cells  and  leukocytes 
[Ij.  GSL  can  also  serve  a.s  binding  sites  for  .several  viruse.s, 
bacteria,  and  bacterial  toxins  [2].  Different  tissues  di.splay  dif¬ 
ferent  GSL  patterns  on  the  cell  surface  which  can  be  dramat¬ 
ically  altered  during  development  [IJ.  A  further  modulation 
can  be  seen  during  pathological  processes  .such  a.s  tumor  de¬ 
velopment.  GM3/GD3,  for  example,  i.s  a  melanoma-a.ssoclaied 
antigen  involved  in  meiasuisis  [3-5 1.  On  the  other  hand,  gluco¬ 
sylceramide  (GlcCer)  expres.sion  is  as.sociaied  with  multidrug 
resistance  in  many  cancer  cells  |6-8|. 

GSL  arc  predominantly  located  at  the  plasma  membrane  and 
the  early  endosoinesof  the  Golgi  complex.  In  the  pla.sma  mem¬ 
brane,  it  h;is  recently  been  .shown  that  sphingolipid-derived 
molecules  aggregate  and  form  a  lc.ss  Huid  and  more  ordered 
phase,  referred  to  as  membrane  rafis,  which  are  foimed  in  the 
Golgi  compartment  and  targeted  to  the  p!;i.sma  membrane.  Rafts 
arc  considered  to  be  small,  mobile  lateral  assemblies  of  sphin- 
golipids,  panicularly  enriched  in  sphingomyelin  and  choles¬ 
terol,  but  also  containing  ceramide  and  GPI-anchored  proteins. 
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Tliey  have  important  rt>les  in  concentrating  and  modulating 
specific  signaling  molecules,  such  as  .Src-tyrosinc  kina.se  fam¬ 
ily  members,  growth  receptors,  jnd  death  receptors  19~I2j. 
The  role  oj  rafts  will  not  be  discussed  here  as  it  has  been 
the  subject  of  recent  excellent  reviews  [9.13].  Loss  complex 
sphingolipid-derived  molecules,  including ceranudc.ccramide- 
I  -phosphate,  sphingosine.  and  .sphingosinc-l  -phosphate  (S I P). 
arc  known  .signaling  molecules  in  diverse  receptor  and  noii- 
receptor-mediaied  signaling  pathw-ays.  These  bioactIve  lipid 
mediators  arc  termed  a.s  a  result  of  stimuii-induced  metabolism 
of  complex  sphingolipids.  Ceramide  ha.s  mainly  been  impli¬ 
cated  in  signaling  pathways  leading  to  suppression  of  growth, 
cellular  senescence,  differentiation,  and  apoptosis,  whereas 
ceramide- 1 -pho.sphate  mediates  cell  survival  and  is  involved 
in  synaptic  vesicular  fu.sion  in  neuronal  cells,  as  well  a.s  neu¬ 
trophil  phagolysosome  formation  [  14  j.  S 1  Phas  many  biological 
actions  and.  importantly,  acts  counter  to  ceramide  to  mediate 
cell  growth  and  survival.  a.s  well  as  inOuencing  directed  cell 
movement  [15,161.  The  biological  effects  of  sphingosine  may 
var\'  among  cell  types  but  it  has  been  associated  with  negative 
effects  on  cel!  growth  and  .survival  and  has  been  implicated  as  an 
inhibitor  of  protein  ktna.se  C  and  other  protein  kinases  ( 17,lKj. 

Biosynthesis  and  structure  of  glyco.sphingolipid.s 

The  de  novo  biosynthesis  of  GSL  is  initiated  at  the  cytosolic  sur- 
lace  of  the  endoplasmic  reticulum  (ER)  by  the  condensation  of 
L-.scrine  and  palmiioyl  coenzyme  A  to  form  3-ketosphinganine 
catalyzed  by  serine  palmitoyltransferase  (SPT),  a  pyridoxal 
phospliate-dependent  enzyme  [  19,20J.  SPT  ha.s  lower  activity 
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niitdctiondria.  ROS  have  been  implicared  in  ihc  iniiiaiion  pliuse 
as  well  as  in  ihe  execution  pliaso  of  the  apoptoiic  prognnn.  de¬ 
pending  on  cell  type.  Also,  addition  of  ROS  or  depletion  of  en¬ 
dogenous  antioxidants  induces  apoptosis  that  cun  be  reversed 
by  exogenous  addition  of  antioxidants.  The  detailed  mecha- 
nisras  by  which  ROS  function  in  cell  death  are  not  yet  clear, 
but  they  are  likely  to  be  involved  in  activation  of  executionarx' 
caspases.  In  TNF-a -resistant  heparoc>te.s,  it  was  demonstrated 
that  TNF-a  was  still  able  to  induce  synthesis  of  CD3.  Only  after 
depletion  of  mitochondrial  glutathione,  which  is  crucial  for  the 
maintenance  of  the  cellular  redox  stale,  were  cells  scnsiii^.cd 
to  TNF-a-  or  CD3-mediaied  apoptosis  [52}.  Tliis  .study  un¬ 
derlines  the  importance  of  oxidative  siro.ss  in  TNF-a-mediaicd 
apoptosis  in  hepalocyies.  By  using  inhibitors  or  ;uitioxidanis, 
it  was  shown  that  GD3  interacts  with  complex  111  of  the  mi¬ 
tochondrial  electron  transpon  chain  causing  an  oxidative  burst 
that  precedes  mitochondrial  swelling.  Cytochrome  c  arid  apop¬ 
tosis  inducing  factor  (AIF)  are  subseLiueiuly  released,  leading 
to  activation  of  the  caspasc  cascade  and  eventual  DNA  frag¬ 
mentation  150,511.  In  vitro  studies  performed  with  i.solaied  mi¬ 
tochondria  revealed  that  short-chain  ceramides  and  glycosph- 
ingolipid.s,  such  as  GlcCer.  LacCcr.  GDla,  and  GM 1 .  arc  able 
to  mimic  GD3.  while  sphingo.sine  and  sphinganine  failed  to 
do  so.  Apparently,  the  iV-acvlsphingosine  (ceranride)  moiety  is 
required  for  interaction  of  GD3  with  the  mitochondria  rather 
than  the  carbohydrate  component  [50}.  However,  other  groups 
showed  that  GD3-mcdialed  effects  on  isolated  mitochondria 
arc  very  specific  and  could  not  be  mimicked  by  C^-ccramide. 
GM  1.GM3,  GDla,orGTlb  [53,54].  Future  studies  are  needed 
to  clarify  this  discrepancy  and  to  determine  the  minimal  simc- 
lurul  requirement  that  enables  GD3  u>  interact  with  and  recruit 
mitochondria  to  the  apoptotie  signal  transduction  paihw'ay. 

GD3  can  directly  activate  A'l'w  independently  of  Ca-^’.  al¬ 
though  Ca*““  has  been  shown  to  act  synergistically  with  GD3 
[53].  It  ha.s  been  suggested  that  the  eflecis  of  GD3  on  mito¬ 
chondria  are  mediated  by  the  opening  of  the  mitochondrial 
permeability  iraasition  pore  (MTP),  rather  than  by  inhibition 
of  the  respiratory  complex,  as  GD3-niediaied  elTecis  could  be 
prevented  with  the  MTP  blocker,  cyclospiorin  A  [54J.  The  MTP 
is  a  conductance  channel  formed  by  .several  different  proteins, 
which  is  inserted  into  the  mitochondrial  membrane  [55]. 

Bcl-2  i.s  a  proio-fjncogcne  known  to  suppress  cell  death  by 
diverse  stimuli  [55 j.  One  mechanism  by  which  Bcl-2  protects 
cells  is  suppre.s.sion  of  the  formation  of  ROS  by  acting  as  an  an¬ 
tioxidant  [55,56].  Because  several  studies  have  showm  that  ROS 
production  in  the  mitochondria  is  a  key  target  for  apoptogenic 
GD3,  it  is  conceivable  that  Bcl-2  might  be  able  to  mcxlulate  this 
pathway  as  well.  Indeed,  in  T  cell  lymphoma  CEM  cells  sta¬ 
bly  overexprejKing  Bcl-2,  CDS  failed  to  induce  mitochondrial 
changes  or  release  of  cytochrome  c,  AIF  and  activate  caspase- 
9  [51].  Similar  observations  were  made  in  oligodendrocytes 
where  GD3 -induced  increa.se  in  and  cytochrome  c  release 
could  be  partially  blocked  by  enforced  BcI-2  expre.s.sion  [57]. 
How  Bcl-2  blocks  GD3-induccd  cell  death  is  not  known  yet. 
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Several  modcLshave  been  proposed  to  explain  how  Bcl-2  might 
oxen  its  anii-apopioiic  function.  1 1  could  prevent  pore  Ibnnalion 
induced  by  other  pro-apopiotic  Bcl-2  family  members,  such  as 
Bax/Bak,  via  increased  heterodiincrization  of  these  proteins, 
or  it  could  inhibit  the  opening  of  the  MTP  {58.59{.  Moreover. 
Bel-2  family  proteins  appears  lo  regulate  voliage-dependem 
anion  channel  (VDAC)  function  [60.61].  Further  siudics  arc 
need  to  ideniily  the  relevant  GD3  targets  which  are  under  Bcl-2 
control.  However,  preireaimem  of  isolated  mitochondria  with 
cyclo.sporin  completely  suppressed  GD3-induced  swelling  and 
release  of  apoptogenic  facior.s,  indicating  that  GD.3  acts  at  the 
level  ot  the  MTP.  Whether  this  is  due  to  a  direct  interaction  with 
any  of  the  MTP  components  remains  to  be  established  I5l|. 

Ccramide  can  be  generated  froin  degradation  of  sphin¬ 
gomyelin  by  either  acidic  sphingomyelinase  (aSMase)  or  neu¬ 
tral  sphingomyclina.se  (nSMa.se).  Aliemaiivcly,  ccramide  gen¬ 
erated  by  de  novo  synihe.sis  has  also  recently  been  implicated 
in  apopto-sis  [621.  Funhermore.  it  has  beett  reported  that  ee- 
ramidc  generated  by  aSMasc.  and  not  nSMasc.  i.s  involved  in 
Fas  and  TNF-a  signaling  pathways  activated  in  GD3  medi¬ 
ated  cell  death  even  though  nSMa.se  is  active  ajid  contributes 
to  the  increase  in  ccramide  in  human  colon  cells  [631-  These 
results  were  furtherconfirmed  with  Niemann-Pick-derived  lym- 
phoblastoid  cells  that  arc  devoid  of  aS Muse  but  di.splay  nomial 
nSMa.se  activity'  [64].  In  these  cells.  Fas  failed  to  initiate  the 
apoptotie  program.  Reconstitution  of  a.SMase  activity  or  addi¬ 
tion  ol  exogenous  aSMase,  however,  caused  GD3  accumulation 
and  efficiently  triggered  the  apoptotie  program  after  Fas  cross- 
linking  or  y -irradiation. 

Gangliosides  are  distributed  predominantly  on  the  plasma 
membrane  and  in  the  early  Golgi  compartmorit  where  they  arc 
synthesized.  GD3  syntha.se  (a2,8-sialyltransferase>,  which  re¬ 
sides  in  the  Golgi,  adds  a  second  sialic  acid  to  GM3  to  produce 
GD3.  Just  a.s  is  tlte  case  with  ccramide.  there  seems  to  be  a  di¬ 
chotomy  in  the  signaling  properties  between  tiew'Iy  synthesized 
GD3  and  GD3  formed  from  degradation  of  other  complex  gan¬ 
gliosides.  It  appears  in  this  ca.se  that  newly-synthesized  CD3  is 
involved  iri  regulating  apoptosis  [65] .  The  question  arises  as  to 
how  newly  formed  GD3  Ls  targeted  to  mitochondria  where  it  ex¬ 
ecutes  its  function  in  cell  death.  Different  pathw'ays  might  come 
into  play.  First,  mitochondria  might  be  in  close  physical  contact 
with  the  ER/early  Golgi  to  fomi  a  functionally  interconnected 
network  which  has  been  described  recently  [66-68).  Second, 
atid  more  likely.  GD3  might  be  redistributed  to  mitochondria 
by  actin -dependent  endosomal  vesicles.  Indeed,  disruption  of 
actin  cyioskeleial  organization  prevents  rclea.se  of  GD3  from 
plasma  membrane  and  co-localization  with  mit(x;hondria  |65|. 
Also.  GD3  w“as shown  loco-local izc  and  a.s.sociatc  w'ith  the  actin 
cytoskcletal  protein  ezrin  upon  Fas  cross-linking  (69 1.  More¬ 
over.  preireaimem  of  cells  wriih  inhibitors  of  vesicular  transport, 
such  as  monensin  or  mannosc-6-pho.spliate,  abolished  local¬ 
ization  of  GD3  with  mitochondria  in  hepatocytes  treated  with 
TNF-a  (65}.  Trafiicking  of  GD3  was  monitored  over  time  and 
co-localization  of  GD3  was  seen  with  markers  specific  for 
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plasma  membrane,  early  endosomes,  late  endosomes,  and  (i- 
nally  with  mitochondria  [65].  GD3  gungliosidc  on  the  plasma 
membrane  is  localized,  most  likely,  ui  specialized  rafts,  known 
as  cavcolae,  w'here  it  can  be  internalized  through  endocj'tosis 
and  iraflhcked  to  mitochondria  Co-localization  of  CD3  with 
caveolin-l  has  been  described  previously  170]. 

As  mentioned  above,  only  ceruinide  generated  in  spccilic 
compartments,  such  as  mitochondria  or  at  the  plasma  mem¬ 
brane.  has  been  showm  to  be  iitvolved  in  programmed  cell  death 
147,71.72].  Furthermore,  depending  on  cell  type  and/or  ago¬ 
nist,  aSJVlase  and/or  nSMase  contribute  to  ceramide  genera¬ 
tion.  Cells  derived  from  aSMase  null  mice  are  defective  in 
Fas-,  radiation-,  and  TNF-a-induced  cell  death  [6.3,64.7.3,74]. 
a.SMa.se  is  active  mainly  in  acidic  companmcni.s.  such  xs  re¬ 
cycling  endosomes,  and  soluble  aSMxse  is  taken  up  by  endo- 
cytosi.s  and  traasported  to  acidic  compartments.  Membrane- 
bound  forms  of  aSMase  have  also  been  detected  in  eaveolae 
microdomaias  eitriched  in  sphingomyelin  that  can  be  activated 
by  various  stimuli  resulting  in  fomtaiion  of  ccraniidc  [7.3.76]. 
Tran.slocaiion  of  aSMa.se  from  intracellular  companmcnis  to 
plasma  membrane  rafts  has  been  demonstrated  after  Fxs  stim¬ 
ulation  [77  j. 

Two  different  cytoplasmic  domains  have  been  de.scribcd  in 
the  .3.3  kDa  TNF  receptor.  One  domain  Ls  able  to  activate  nS- 


Mase  and  the  other  activates  aSMase  with  no  apparent  crosstalk 
between  them.  The  aSMase  activation  domain  resides  in  the 
so-called  death  domain  of  the  TNF  receptor  responsible  for 
the  cytotoxicity  ofTNF-a  17S|.  A  phospliatidylcholine-specilic 
phospholipxse  C  activity  wxs  also  required  for  aSMa.se  activa¬ 
tion  [79,80|. 

It  i.s  assumed  that  intracellular  ceramide  concentrations  reg¬ 
ulate  .sphingolipid  and  glycosphingolipid  mctaboli.sm;  and, 
hence,  ceramide  should  be  targeted  to  the  Golgi  complex.  Be¬ 
cause  iiSMase  h:is  been  shown  to  reside  in  eaveolae,  decreased 
sphingomyelin  and  concomitant  ceramide  production  can  lead 
10  structural  changes  of  the  plasma  membrane  which  can  .some¬ 
how  stimulate  endocytosis  and  trafficking  of  ceramide  to  the  ER 
and  Golgi,  thereby  enhancing  GD.3  synthesis.  This  might  also 
explain  w'hy  ceramide  generated  via  aSMase.  but  I'.ot  nSMase, 
is  able  to  activate  de  n<tvo  GD3  synthesis. 

Glycosphingolipids  with  anti-apoptolic  properties 

Difficulties  in  effective  chemotherapy  correlate  with  defective 
activation  of  programmed  cell  death  on  several  distinct  lev¬ 
els  in  many  types  of  tumors  [811.  Chemotherapeutic  agents 
olten  exert  .some  of  their  effects  ihrougli  generation  of  ce- 
rumide  even  though  their  mechanisms  of  action  might  dilTer. 


Au-  PI.S  2.  Signaling  pathway  of  GD3-induced  apoptosis.  After  oligomerization  of  the  Fas  or  TNF-«  receptors,  aSMase  is  activated  in 

cite  Hg.  2  3  PC-PLC-dependent  manner.  Ceramide  accumulates  and  activates  GD3  synthesis.  GD3  is  targeted  from  the  plasma  membrane  by 

in  text.  vesicle  transport  or  alternatively  by  physical  redistribution  from  the  Golgi  to  the  mitochondria.  There,  GD3  perturbs  the  mitochondrial 
membrane  leading  to  release  of  cytochrome  c  and  AIF  and  caspase-9  activation,  which  activate  the  execution  phase  of  the  apoptotic 
program  leading  to  demise  of  the  cell. 
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Some  stimulate  dv  novo  ceramicic  synthesis  whereas  others  in¬ 
duce  sphingomyelin  hydrolysis  or  block  ceramide  degradation. 
Mullidrug  resistance,  delined  as  cross-resistance  to  a  variety 
of  chemotherapeutic  substances,  is  a  common  phenomenon  in 
the  treatment  of  various  cancers.  Besides  accelerated  removal 
of  the  drug  (i.e.  enhanced  drug  efllux  via  the  P-glycoprotein 
pump),  their  intracellular  effects  may  be  altered  1 82,831.  it 
also  possible  that  mullidrug  resistance  could  result  from  mod- 
ulalion  of  ceramide  metabolism  whereby  ceramide  accumu¬ 
lation  is  prevented  or  it  is  converted  to  less  toxic  molecules 
16.7.841.  Yet  another  way  to  keep  endogenous  ceramide  low  is 
by  GicCer  syniha.se  catalyzed  conversion  to  GlcCer  which  has 
been  shown  to  have  growth  stimulaiorv*  and  ami-apoptotic  ef¬ 
fects  (K51.  .Studies  with  exogenous  administration  of  GicCer 
revealed  that  it  is  able  to  stimulate  growth  of  keratinocytes 
even  in  aged  murine  epidermis  where  epidermal  growth  is  nor¬ 
mally  reduced  (86].  Furthermore,  GicCer  is  consistently  in¬ 
creased  in  several  mullidrug-re.sisiant  cancer  cell  lines  [83,871. 
In  this  regard,  it  w;us  demonstrated  that  some  sensitive  cells  ac¬ 
quire  drug  resistance  by  overexpressing  GicCer  syntha.se  [88]. 
Conversely,  blocking  glycosylation  of  cenimide  with  dilTerent 
agents,  such  as  verapamil,  tamoxifen,  cyclosporin  A  or  PDMP, 
in  mullidrug  resistant  MCF-7  bre.xst  cancer  cells,  sensitized 
them  to  adriamycin  [89 j.  In  addition,  GicCer  synthase  anti- 
sense  RN.^  rendered  otherwise  resistant  cells  .sensitive  to  drug 
ireaimcni  188-91 1.  Reduced  lumorigcnichy  and  mciasiaiic  po¬ 
tential  of  melanoma  cells  was  al.so  ob.se rved  vivo  with  GicCer 
symtluLsc  antisense  RNA  [92], 

Another  g:ingIioside  that  has  been  implicated  in  protection  of 
cells  from  apoptosis  is  the  monosialylgangliosidc  GMl.  GMl 
has  been  shown  to  prevent  apoptoiic  cell  death  in  growth  factor- 
deprived  neuronal  PC  12  cells  [93].  GMl  acts  by  promoting 
nerve  growth  factor  (NGF)-jnduccd  TrkA  dimerization.  It  has 
also  been  demonstrated  that  NGF  signaling  can  activate  sph- 
ingosine  kinase  to  form  SIP  that  acts  as  a  pro-survival  signal 
[93.94].  Similar  results  were  obtained  in  a  study  conducted  in 
rat  heart  (ibrobla.sts  where  GM 1  was  shown  to  act  like  S 1 P  and 
protect  cells  from  C:-ceramide  or  staurosporine-induced  cell 
death \95l  It  was  also  denionsiratcd  in  this  study  that  GMl  en¬ 
hanced  S  IPproduction  by  activating  sphingosinekimuse  \95  j.  In 
a  more  physiologically  relevant  study,  application  of  GM  1  also 
protected  the  mouse  heart  from  hypoxic  cell  death.  Again,  sph- 
ingosine  kinase-dependent  activation  by  protein  kinase  Or  was 
suggested  [961.  These  results  have  relevance  to  human  phy.si- 
ology  and  there  arc  ongoing  clinical  trials  using  GM  I  ganglio- 
side  as  a  therapeutic  agent  for  promoting  nerve  regeneration  in 
Alzheimer’s  disea.se  [97].  Furthermore,  autoantibodies  against 
various  glycosphingolipids  have  been  detected  in  patients  with 
different  neurological  disorders,  and  have  been  suggested  to 
play  a  critical  role  in  development  of  disetLses  of  the  nervous 
.system.  Tii  contrast.  Lc(y)  antigen  cxprcs.sion  is  correlated  with 
apoptosis  [98]. 

Gangliosidcs  can  also  regulate  cell  signaling  by  altering 
growth  factor  receptor  functions  [99].  High  GM3  gangliosidc 


expression  on  keratinocytes  has  been  correlated  with  inhibited 
cell  growth  and  low  expression  has  been  reported  in  .several 
hyperproliferative  skin  disorders,  including  p.soriasis  and  .squa¬ 
mous  cell  carcinoma  [l(X),10ll  where  programmed  cell  death 
is  aberrant.  Gangliosidc  GM3  was  shown  to  interfere  with  bind¬ 
ing  of  EGF  and  activation  of  its  receptor  which  is  required  for 
proliferation  1 102]. 

Surprisingly,  GM3  is  also  pro-apoptotic  in  ceruiin  types  of 
cells,  particularly  in  the  presence  of  melasia>is-suppressing 
gene  product  CD82  and  its  analogue  CD9.  It  was  shown  that 
the  malignancy-suppressing  eftcci  of  CD82  or  CD9  is  based 
partially  on  cell  motility  inhibition  and  apoptosis  induction 
protttoted  by  concurrent  GM3  synthesis  :md  N-gKcosylaiion 
{103].  GM3  in  various  colorectal  carcinomas  may  also  pro¬ 
mote  apoptosis,  since  enhancement  of  endogenous  sialida.se 
promotes  rumor  malignancy  and  metastasis  through  inhibition 
of  Bcl-2  [104].  These  dual  actions  of  GM.^  merit  further  study. 

Significance  of  gangliosidcs  in  pathological  processes 

U  has  long  been  known  that  tumor  cells  display  a  ditlercnt  pat¬ 
tern  of  cell  surface  glycosphingolipids  than  corre.s ponding  un- 
iransformcd  cells  fl.lO.S].  Predominant  expression  of  spec i lie 
gangliosidcs,  GD3,  GM2,  or  GD2.  has  been  observed  on  sev¬ 
eral  types  of  tumor  cells  including  melanoma,  neuroblastoma, 
lymphoma,  and  ovarian  cancer  cells  ( 103.1061.  Tnus.  antibod¬ 
ies  against  specific  gangliosidcs  have  received  con.>ideraiion  as 
immiinothcrapcutic  agents  and  clinical  trials  have  been  initiated 
(4.106-108]. 

.Augmented  GSL  shedding,  which  is  the  release  of  cell  sur¬ 
face  components,  is  a  characteristic  of  cancer  cells.  Shedding 
seems  to  be  important  for  in  filtration  ajtd  metastasis  of  the  tumor 
as  well  as  for  suppression  of  the  immune  system  [109],  Tlte  un¬ 
derlying  mechanism  by  which  the  released  components  evoke 
these  biological  effects  is  not  yei  fully  understood.  Ganglio- 
sides  arc  among  the  main  constituents  of  the  released  molecules. 
In  vitro,  and  more  importantly,  m  vivo  etTecis  of  gangliosidcs 
shed  from  T  cell  lymphoma  on  bone  maiTow  cells  (BMC)  have 
been  documented  (I  lOJ.  The.se  gangliosidcs  not  only  impaired 
cell  viability  but  also  induced  apoptosis  of  BMC.  The  shed 
gangliosidcs  activated  NF->rB  and  elevated  expre.ssion  of  p.33 
and  Bax.  both  of  which  have  been  described  as  components  of 
pro-apoptotic  signaling  pathways,  '["he  apoptosis  effecLs  were 
ascribed  to  CD3  by  investigations  with  antibt^dies  against  the 
major  gangliosidc  species  produced  by  Teel  I  lymphomas.  GD3 
exogenously  applied  to  BMC  efl'eciively  induced  apoptosis,  fur¬ 
ther  confirming  this  finding  [I  lOj. 

Another  di.sca,sc  in  which  GD3  .seem  to  bo  involved  in  is 
the  progression  of  pathogenesis  in  Farber  Disea.se.  a  lysosomal 
storage  disorder  which  re.sults  from  an  acid  ceraniidase  defi¬ 
ciency.  As  a  consequence,  ceramide  accumulates  in  lysosomcs 
leading  to  tis.sue  damage,  alUiough  the  detailed  mech:ini.sms  of 
tissue  destruction  arc  not  well  known.  Histochemical  aiuilyses 
of  tissues  from  affected  patients  revealed  a  high  apoptotic  rate 
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that  correlated  with  concomitant  elevated  levels  of  CD5  and 
activated  caspasc-3  1111]. 

Conclusions 

There  is  now  abundant  evidence  documenting  the  importance 
of  sphingolipid-dcrived  signaling  molecules.  Although  some 
spiiingolipids  have  been  well  established  as  second  messen¬ 
gers.  i.e.  cerumide,  .sphingosine  and  .S 1 P.  oiiters  await  more  de¬ 
tailed  investigations.  One  difficulty  in  identifying  the  specific 
sphingolipid  involved  in  a  particular  signaling  pathway  is  their 
complex  imerconversion.  Fore.\amp!e.  functions  attributed  to 
sphingosine  might  actually  result  from  its  conversion  to  SIP. 
Moreover,  some  effects  of  ceramide  might  result  from  its  con¬ 
version  to  ceramide- 1 -phosphate.  GlcCer,  or  even  sphingosine 
and  SIP.  Also  rapid  degradation  of  gangliosidcs  to  ceramide 
has  been  described  and  this  might  confuse  distinctions  between 
ceramide  and  gunglioside-mediated  elTecLs  1112].  As  found  for 
OMl.  one  G.SL  might  also  be  able  to  stimulate  the  genera¬ 
tion  of  another  sphingolipid  195].  Since  GD3  ha.s  mainly  been 
associated  with  cell  death  and  GMl  with  surv'ival.  it  wall  be 
very  important  to  determine  exactly  what  structural  feature  of 
these  molecule.s  is  required  for  initiation  of  particular  .signal¬ 
ing  pathways.  This  funher  empha.sizes  how  important  it  Ls  to 
elucidate  the  mechanism  by  which  a  molecule  produces  a  cer¬ 
tain  biological  re.spon.se  in  order  to  design  drugs  for  therapeutic 
applications. 
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SPHINGOSINE- 1  -PHOSPHATE: 

AN  ENIGMATIC  SIGNALLING  LIPID 


Sarah  Spiegel*  and  Sheldon  Milstienf 

The  evoiutionarily  cxjnserved  actions  of  the  sphingolipid  nnetabolite,  sphingosine-1  -phosphate 
(SI  P),  in  yeast,  plants  and  mammals  have  shown  that  it  has  important  functions.  In  higher 
eukaryotes,  S1 P  is  the  ligand  for  a  family  of  five  G-protein-coupled  receptors.  These  S1 P  receptors 
are  differentially  expressed,  coupled  to  various  G  proteins,  and  regulate  angiogenesis,  vascular 
maturation,  cardiac  development  and  immunity,  and  are  important  for  directed  cell  movement. 
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Sphingosine-l«phosphate  (SIP)  is  derived  from 
sphingosine  —  the  backbone  of  most  sphingolipids 
—  and  it  is  now  emerging  as  a  vita!  lipid  mediator. 
Sphingosine  was  named  in  1884  after  the  Greek 
mythological  creature,  the  Sphinx,  because  of  its  enig¬ 
matic  nature'.  More  than  a  century  later  we  are  just 
beginning  to  unravel  the  riddle  of  S 1 P.  SI  P  was  origi¬ 
nally  considered  to  be  formed  merely  as  an  interme¬ 
diate  in  the  detoxification  of  sphingosine,  by  its 
phosphorylation  and  subsequent  degradation-  (FIG.  n, 
but  since  the  discovery  that  SIP  regulates  cell 
growth’-'*  and  suppresses  programmed  cel!  death’, 
there  has  been  an  explosion  of  important  physiologi¬ 
cal  and  pathophysiological  processes  that  are  reported 
to  be  regulated  by  SIP  in  higher  organisms.  SIP  and 
its  homologous  phosphorylated  long-chain  sphingoid 
bases  have  been  detected  in  plants,  worms,  flies,  slime 
mould  and  yeast,  and  they  also  regulate  important 
biological  responses  even  in  these  lower  organisms, 
which  further  highlights  the  importance  of  SIP  as  a 
signalling  molecule.  The  puzzle  of  how  such  a  simple 
molecule  can  have  such  diverse  roles  has  been 
resolved  by  the  discovery  that  it  belongs  to  a  class  of 
lipid  mediators  that  function  not  only  inside  cells  but 
also  as  ligands  (agonists)  for  specific  cell -surface 
receptors. 

SIP  synthesis  and  degradation 

As  is  the  case  for  other  signalling  molecules,  SIP  levels  in 
cells  are  low  and  tightly  regulated  in  a  spatial-temporal 
manner  by  the  balance  between  its  synthesis  and 
degradation  (fig.  i ).  The  activity  of  sphingosine  kinase 


(SphK;  BOX  i),  which  catalyses  the  ATP-dependent 
phosphorylation  of  sphingosine,  is  stimulated  by  many 
agonists,  which  indicates  that  this  is  a  central  regulating 
enzyme  of  SIP.  The  degradation  of  SI  P  is  mediated  by 
two  different  pathways:  one  is  the  reversible  dephos¬ 
phorylation  back  to  sphingosine  by  specific  SIP 
phosphatases  (box  i);  the  second  is  the  irreversible 
degradation  by  a  pyridoxal  phosphate-dependent  SIP 
lyase  (Spl)  (BOX  i)  to  hexadecenal  and  phospho- 
ethanolamine,  which  are  subsequently  reused  for  the 
biosynthesis  of  phosphatid>dethanoIamine  (PIG.  i). 

Sphingosine  kinases.  SphKs  are  a  distinct  and  newly 
discovered  class  of  lipid  kinase  that  have  five  conserved 
domains  and  are  evoiutionarily  conserved.  They  are 
expressed  in  humans,  mice,  yeast  and  plants,  with 
homologues  in  worms  and  flies,  TWo  mammalian 
isozymes,  which  are  known  as  SphK  1  and  SphK2  (BOX  i), 
have  been  characterized*^.  These  are  located  predomi¬ 
nantly  in  the  cytosol,  although  small  amounts  are  as.so- 
dated  with  membranes.  It  is  not  yet  clear  whether  these 
enzymes  are  present  within  organelles  or  whether  they 
are  loosely  bound  to  cellular  membranes,  although  in 
yeast,  Lcb4  —  the  main  enzyme  that  catalyses  the 
formation  of  long-chain  base  phosphates  —  has 
been  localized  to  the  Golgi  and  late  endosomes"  and 
endoplasmic  reticulum  (ER)\  SphKl  and  SphK2 
have  different  kinetic  properties,  tissue  distribution 
and  temporal  expression  patterns  during  development, 
which  indicates  that  they  carry  out  distinct  cellular 
functions  and  might  be  regulated  differently.  Their 
structural  diversity  and  complex  pattern  of  tissue 
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Rgure  1  \  Formation  and  degradation  of  S1P.  The  structures  of  sphingosine  —  the  predominant  sphingoid  base  of  eukaryotic 
sphingdipids  ~  and  sphngosine-1  -phosphate  {S1 P)  are  shown.  Key  metabolic  enzymes  for  the  formation  and  degradation  of  S1 P 
are  shown.  Sphingosine  kinases  catalyse  the  formation  of  S1 P  from  sphingosine.  Conversely,  two  classes  of  enzyme  —  S1P 
phosphatases  and  SIP  lyases  ~  degrade  S1R  The  lyase  products,  hexadecenal  and  phosphoethanolamine,  are  raised  for 
biosynthesis  of  phosphatidylethanolamine.  See  text  and  box  i  for  further  details. 


Mi  rCXlHONDR!  Al.  OR  rNTRINSIC 
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through  the  release,  by  stress- 
induced  signals,  of  cytochrome  c 
and  other  apoptogpnic  factors 
fttim  the  mitochondrial 
intermemhrane  space. 
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Alt  enzyme  that  catalyses  the 
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endopeplidases  that  haw  a 
micial  role  in  inflammation  and 
mammalian  apoptosis.  They 
deavc  pntteins  at  specific 
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expression  is  reminiscent  of  the  large  diacylglycero! 
kinase  family,  and  it  is  probably  not  a  coincidence  that 
these  two  families  share  a  high  degree  of  homology  in 
their  catalytic  domains.  However,  SphKs  have  a  unique 
catalytic  domain,  which  contains  a  consensus  sequence 
of  an  ATP-bindingsite  (SGDGX^,._,,^K(R))  that  has 
some  similarity  to  the  highly  conserved  glycine-rich 
loop  that  is  involved  in  binding  the  nucleotide  in  the 
catalytic  site  of  many  protein  kinases’. 

SIP  lyase.  The  main  route  of  SIP  degradation  is 
through  cleavage  at  the  C2-C3  bond  by  Spl  (BOX  i ).  The 
identification  of  the  Spl  gene  in  yeast'",  and  subse¬ 
quently  in  mammals  and  Dictyostelhim  discoideumy 
indicates  that  phosphorylated  sphingoid  base  metabo¬ 
lism  is  a  process  that  is  conserved  throughout  evolution. 
Deletion  studies  have  shown  the  importance  of  Spl  and 
phosphorylated  sphingoid  bases  in  the  regulation  of 
global  responses  to  nutrient  deprivation  in  yeast". 
Disruption  of  the  5p/gene  in  slime  mould  affects  many 
stages  of  development,  including  the  cytoskeletal 
architecture  of  aggregating  cells,  the  ability  to  form 
migrating ‘slugs’  and  terminal  spore  differentiation, 
which  therefore  implicates  Spl  in  numerous  processes 
in  multicellular  development It  has  been  suggested 
that  Spl  is  localized  to  the  cytosolic  face  of  the  ER>  at 
which  all  of  the  enzymes  that  are  essential  for  sphin- 
golipid  biosynthesis  reside  (see  below). 

SIP  phosphatase.  Specific  SIP  phosphatases  (SPPs) 
were  first  identified  in  yeast  and  shown  to  be  impor¬ 
tant  regulators  of  the  heat-stress  response'  '  On  the 
basis  of  their  homology  with  the  yeast  genes,  the 
genes  encoding  two  mammalian  SPPs,  SPP 1  (reiis  I6,i7) 
and  SPP2  (RER 18),  which  only  degrade  phosphory¬ 
lated  sphingoid  bases  (box  i),  were  cloned.  These 
SPPs  belong  to  the  family  of  magnesium-dependent, 
N-ethylmaleimide-insensitive  type  2  lipid  pho.sphate 
phosphohydrolases  (LPPs)”.  However,  except  for  the 
conserved  residues  in  three  domains  that  are  present 
in  all  LPPs”,  SPPs  have  little  overall  homology  to 


other  known  LPPs.  Moreover,  whereas  LPPs  are  pre¬ 
sent  on  the  plasma  membrane  and  function  as  so- 
called  ecto-phosphatases  to  attenuate  the  actions  of 
lysophosphatidic  acid  as  an  agonist  of  its  cell-surface 
receptors’",  both  SPPl  (REF.  2i)  and  SPP2  (REF.  18),  sim¬ 
ilar  to  their  yeast  counterparts'',  are  localized  to  the 

£R17.18^ 


Regulation  of  stress  responses  by  SIP 

SIP  enhances  growth  and  survival  in  diverse  cell  types^. 
By  contrast,  its  precursors  —  ceramide  ( N-acyl  sphingo¬ 
sine)  and  sphingosine  —  have  generally  been  asscKiated 
with  growth  arrest  and  cell  death^'*’*'.  As  these  metabo¬ 
lites  are  interconvertible  (FIG.  2),  it  has  been  proposed 
that  it  is  not  their  absolute  amounts,  but  rather  their  rel¬ 
ative  levels,  that  determine  cell  fate.  The  relevance  of  this 
‘sphingolipid  rheostat’  and  its  role  in  regulating  cell  fate 
has  been  borne  out  by  the  work  of  many  researchers 
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Rgure  2 1  The  sphtngolipid  rheostat:  a  conserved  stress 
regulator.  Sphingosine- 1  -phosphate  (S1 P),  sphingosine  and 
ceramide  are  interconvertible  sphingolipid  metabolites.  Many 
external  stimuli  have  been  shown  to  activate  sphingosine 
kinases  (SphKs)  (Box  3).  SphKs  converts  sphingosine  to  S1 P, 
thereby  enhancing  cell  growth  and  SLirvival.  Conversely,  S1P 
phosphatases  (SPPs)  remove  the  phosphate  from  S1 P  to  form 
sphingosine,  which  is  then  A/-acy!ated  to  form  ceramide.  Both 
ceramide  and  sphingosine  have  been  associated  with  growth 
arrest  and  apoptosis.  Whereas  ceramide  and  sphingosine 
levels  increase  in  response  to  many  stress  stimuli,  suppression 
of  apoptosis  is  associated  with  increases  in  SI  P  levels  and 
decreases  in  ceramide  (for  reviews,  see  refs  22,32,89).  In 
additbn,  S1 P  regulates  many  processes  by  being  able  to 
interact  with  five  specific  cell-surface  receptors  (FIG.  4). 
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using  many  different  cell  types  and  experimental 
manipulations. 

A  central  finding  of  these  studies  is  that  SphKs  and 
SPPs  are  essential  regulators  of  the  sphingolipid  rheo~ 
stat,  and  have  converse  effects  on  the  pro- growth, 


Box  1 1  gngyme  ftimlHo  that  are  important  for  regulating  SIP  levels 
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Sphingosine  Idnases 

Two  isoforms  of  sphingosine  kinase  (SphK)  —  Lcb4  and  Lcb5 — were  first  cloned  from 
Saccharomyces  cerevisiae  and  show  substantial  sequence  homology  to  mammalian 
SphKl  and  SphK2  {REFS  80,8i ).  SphKl  and  SphK2  have  five  conserved  domains 
(Cl-CS)  with  the  unique  catalytic  domain  contained  within  Cl~C3.  The  ATP-binding 
site  (SGDGX^jy  ,K(R))  is  present  within  C2.  Hydropathy-plot  analysis  of  the  predicted 
amino<acid  sequence  of  SphKl  does  not  indicate  that  any  hydrophobic  transmembrane 
regions  (TM)  are  present,  whereas  SphK2  has  four  predicted  transmembrane  regions. 
Despite  the  overall  homology  between  SphKl  and  SphK2,  the  sequences  of  these  two 
proteins  diverge  sufficiently  to  indicate  that  they  might  not  have  arisen  from  a  simple 
gene-duplication  event.  Northern-blot  analysis  has  shown  that  SphKs  have  different 
tissue  distributions*:  SphKl  expression  is  highest  in  lung  and  spleen,  whereas  SphK2  is 
most  abundant  in  liver  and  heart.  SphKl  expression  is  greatest  at  mouse  embryonic 
day  7,  whereas  SphK2  expression  is  only  detectable  at  embryonic  day  1 1  and  increases 
thereafter.  Human  SphKl  and  SphK2  genes  are  on  chromosomes  17q25.2  and  19ql3.2, 
respectively. 

SlPlyases 

The  SI  P  lyase  (Spl)  gene  BSTl  (for  bestowed  of  sphingosine  tolerance)  was  first  cloned 
from  SL  cerevisiae:  mouse*’  and  human*^  homologues  were  subsequently  identified  by 
sequence  homology.  The  gene  encoding  human  Spl  is  on  chromosome  10q21  and  is 
expressed  most  abundantly  in  the  liver.  Spl  has  one  TM  near  its  amino  terminus  and  a 
conserved  pyridoxal-dependent  decarboxylase  domain  that  contains  several  essential 
cysteine  residues*’. 

SIP  phosphatases 

TWo  genes  that  encode  specific  sphingoid  base  phosphate  phosphatases  (SPPs)  have 
been  identified  in  S.  cerevisiae — IBPi/ySi?2/LCB3  and  LBP2/YSR3{WS  13,14,84). 
There  are  two  mammalian  SPPs,  SPPl  {REF.  16)  and  SPP2  (REF.  1 8),  which  contain  8-10 
predicted  TMs  and  are  highly  specific  for  sphingoid  base  1 -phosphates.  All  SPPs  contain 
three  conserved  motifr  that  are  similar,  yet  distinct,  to  those  in  the  lipid  phosphate 
phosphohydrolase  superfamily:  motif  1,  KDX^^^PRP;  motif  2,  EYX^^jPSXH;  and  motif  3, 
LVXj  ,jRXYXGMHXj2jLD.  Althoi^h  both  mammalian  SPPs  have  similar  enzymatic 
properties  and  localize  to  the  endoplasmic  reticulum,  SPPl  expression  is  highest  in 
placenta  and  kidney,  whereas  SPP2  is  most  abundant  in  brain,  heart,  colon,  kidney,  small 
intestine  and  lung.  The  genes  that  encode  human  SPPl  and  SPP2  are  on  chromosomes 
I4q23.l  and  2q36.3,  respectively. 


anti-apoptotic  messenger  SIP  versus  the  pro-apop- 
totic  ceramide  and  sphingosine,  and  as  a  conse¬ 
quence,  they  have  opposing  effects  on  cell  fate.  For 
example,  SphKl  and  increased  SIP  levels  enhance 
proliferation,  expedite  the  G -S  transition  of  the  cell 
cycle  and  increase  DNA  synthesis’’.  SphKl  also  pro¬ 
motes  growth  of  cells  in  soft  agar  and  tumour  forma¬ 
tion  in  mice,  probably  owing  to  its  role  in  Ras  and 
extracellular-signal  regulated  kinase  (ERK)l/2  sig¬ 
nalling’*’*.  In  addition,  SphKl  protects  against  apop¬ 
tosis  by  inhibiting  the  mitocuondriai,  or  intrinsic  dkath 
PATHWAY,  blocking  the  stress-activated  protein  kinase, 
Jun  amino-terminal  kinase  (JNK)”’’^  and  by  activat¬ 
ing  nuclear  factor  kB  (NF-kB)’'\  Deletion  of  both 
yeast  SphK  genes,  LCB4  and  iCB5,  showed  that 
sphingosine  Is  crucial  for  heat-induced  G^-G,  arrest 
and  that  SphK  removes  the  sphingosine  block,  allow¬ 
ing  progression  to  S  phase’*.  This  indicates  that  there 
is  a  mechanism  for  cell-cycle  control  by  the  sphin¬ 
golipid  rheo.stat,  which  might  be  conserved  in  higher 
eukaryotes.  Given  the  role  of  the  sphingolipid  rheo¬ 
stat  in  regulating  growth  and  apoptosis,  it  is  not  sur¬ 
prising  that  sphingolipid  metabolism  is  often  found 
to  be  dysregulated  in  cancer,  a  disease  that  is  charac¬ 
terized  by  enhanced  cell  growth,  diminished  cell 
death,  or  both. 

SIP  and  ceil  fate  decisions 

It  was  originally  proposed  that  apoptotic  ceramide 
was  generated  by  the  activation  of  one  or  more 
sPHiNooMYi-i.iNAsivs.  Rccent  studies  have  also  implicated 
ceramide  that  is  generated  from  de  novo  sphingolipid 
biosynthesis’’  ’*'  —  predominantly  N-palmitoyl- 
sphingosine  (C16-ceramide)  —  in  mitochondrial  dam¬ 
age  that  leads  to  downstream  activation  of  caspasks  and 
apoptosis”.  There  is  convincing  evidence  that  ceramide 
synthase  and  another  ceramide  biosynthetic  enzyme, 
serine  palmitoyltransferase,  are  activated  during  apop¬ 
tosis”  ”  (BOX  2).  However,  because  the  ER  contains  other 
enzymes  that  are  involved  in  ceramide  biosynthesis  as 
well  as  SPP 1  and  SPP2,  and  SPPs  convert  SIP  to  sphin¬ 
gosine  (which  can  be  further  metabolized  to  ceramide), 
this  indicates  that  SPPs  could  also  have  an  important 
role  in  the  regulation  of  ceramide  biosynthesis.  Indeed, 
expression  of  SPPl  altered  the  dynamic  balance 
between  SIP  and  sphingosine/ceramide  in  mammalian 
cells  and,  consequently,  markedly  enhanced  apopto¬ 
sis'*’*.  Likewise,  the  balance  between  the  levels  of 
ceramide  and  S 1  P>  which  is  regulated  by  I, bp  1 ,  the  yeast 
ER  sphingoid  base  phosphate  phosphatase,  is  crucial  for 
survival  and  resistance  to  environmental  stress  in 
yeast*”’.  This  supports  the  idea  that  the  sphingolipid 
rheostat  is  an  evolutionarily  conserved  stress  regulatoiy 
mechanism. 

Ceramide  versus  dihydroceramide.  Interestingly, 
whereas  SIP  could  induce  ceramide  biosynthesis  (par¬ 
ticularly  C16-ceramide)  and  apoptosis  in  SPPl  transfec- 
tants,  dihydro-SlP  (which  is  also  a  substrate  for  SPPl 
and  SPP2)  had  no  effect  on  ceramide  levels,  nor  did  it 
induce  apoptosis’*.  In  this  regard,  several  inferences  can 
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Box  2 1  The  topology  of  sphingoHpId  metabolism  and  implications  for  apoptosis 


The  de  twvo  synthesis  of  all  sphii^olipids  begins  at  the  cytoplasmic  face  of 
the  endoplasmic  reticulum  (ER)  —  which  is  where  the  enzymes  that  are 
required  for  ceramide  biosynthesis  are  located — by  the  condensation  of 
L-serine  (Ser)  with  palmitoyl  CoA  (PalmCoA),  a  reaction  that  is  catalysed  by 
serine  palmitoyltransferase  In  two  rapid  reactions^  the  product, 

3-ketosphingamne  (Keto),  is  reduced  to  sphinganine  (dihydrosphingosin^ 
DHS)  and  subsequently  acylated  by  ceramide  synthase  to  form 
dihydroceramide  (DH-Cer).  Dihydroceramide  is  then  converted  to  ceramide 
by  a  desaturase*^.  Dihydroceramide  and/or  ceramide  is  translocated  from 
the  £R  to  the  Golgi  apparatus  and  then  converted  to  sphingomyelin  ( SM) 
and  dihydrosphingomyelm  (DH-SM)  by  sphingomyelin  synthase  on  the 
iumenal  side  of  the  Golgi,  or  to  glucosylceramide  (GlcCer)  and 
dihydroglucosylceramide  (DH-GIcCer)  on  the  cytosolic  surhice  of  the 
Golgi^.  After  translocation  into  the  Golgi  lumen,  glucosylceramide  is  further 
converted  to  lactosykeramide  and  more  complex  glycosphingolipids  (GSLs). 
Sphingosine  (Sph)  produced  from  degradation  of  plasma  membrane  GSLs 
and  SM  in  the  endocytic  (Endosome)  recycling  pathway  might  be  used  for 
formation  of  ceramide  by  sequential  pho^horylation  by  ^hingo$ine-1  > 
phosphate  (SIP)  kinase  (SphK)  and  dephosphorylation  by  SIP  phosphatases 
(SPPs),  or  converted  into  pro-apoptotic  C16>oeramide  by  ceramide  synthase 
in  the  mitochondria. 

The  insertion  of  foe  tmn$A,5  double  bond  into  ceramide  by  the  desaturase 
is  an  important  step  because  ceramide,  and  not  dihydroceramide,  induces 
apoptosis'^  Remarkably,  although  dihydro-SlP  is  also  a  substrate  for  SPPl 
— it  forms  dihydrosphingosine,  which  is  then  converted  to  dihydroceramide 
by  ceramide  synthase — it  does  not  cause  signifreant  ceramide  accumulation 
or  increase  apoptosis  in  SPPl  transfectants,  in  contrast  to  SlP-'.  This 
indicates  that  dihydroceramide  might  be  more  efficiently  used  for 
sphingomyelin  and/or  glycosphii^olipid  biosynthesis  than  ceramide  is. 
Alternatively,  the  translocation  of  dihydroceramide  to  the  Golgi  might  be 
more  rapid  than  that  of  ceramide.  So,  the  biosynthetic  trafficking  of 
ceramide  and  dihydroceramide  might  be  different,  and  vesicular  and  non> 
vesicular  transport  pathways  of  ceramide  versus  dihydroceramide  might 
carry  out  special  functions.  The  figure  is  modified  with  permission  from 
REF.  2 1  ©  the  Rockefeller  University  Press  (2002). 


be  made:  first,  SPPl  functions  in  an  unprecedented 
manner  to  regulate  the  biosynthesis  of  ceramide,  which 
has  an  essential  role  in  apoptosis;  second,  the  presence 
or  absence  of  the  trans  double  bond  in  the  sphingoid 
bases  dictates  their  function  in  the  biosynthesis  of 
ceramide;  and  third,  ceramide  and  dihydroceramide 
could  have  different  biosynthetic  trafficking  pathways 
(BOX  2)  or,  alternatively,  vesicular  and  non-vesicular 
pathways  of  ceramide  versus  dihydroceramide  transport 
might  carry  out  special  functions.  As  sites  of  contact 
have  often  been  observed  between  the  membranes  of 
the  ER  and  mitochondria'*,  it  is  also  possible  that  these 
could  be  responsible  for  delivery  of  apoptotic  ceramide, 
but  not  dihydroceramide,  to  the  mitochondria.  As  dihy- 
droceramides  are  much  less  potent  than  ceramides  in 
the  induction  of  apoptosis,  divergence  in  the  regulation 
of  ceramide  and  dihydroceramide  synthesis  has  impor¬ 
tant  implications,  not  only  for  sphingolipid  metabolism, 
but  also  for  their  distinct  roles  in  apoptosis.  Sphingosine, 
but  not  sphinganine  (also  known  as  dihydrosphingosine, 
which  has  exactly  the  same  structure  as  sphingosine  but 
lacks  the  4,5- double  bond),  formed  at  the  ER  by 
SPPl,  might  be  transported  to  the  mitochondria  and 
function  as  a  substrate  for  ceramide  synthase,  or  fora 


new  mitochondrial  ceramidase  with  reciprocal 
(ceramide  synthase)  activity  that  shows  a  strong  prefer¬ 
ence  for  sphingosine  over  dihydrosphingosine  as  sub¬ 
strate'".  This  ceramide  could  induce  apoptosis  that  arises 
fi  om  mitcKhondrial  damage,  geneiation  of  reactive  oxy¬ 
gen  species,  release  of  cytochrome  cand  subsequent 
activation  of  caspase  activity 

SIP  regulates  ceramide  biosynthesis  and  apoptosis. 
Although  dihydrosphingosine  is  an  intermediate  in  the 
biosynthesis  of  ceramide,  it  is  not  converted  directly  to 
sphingosine.  Sphingosine  arises  predominantly  by  the 
turnover  of  membrane  sphingolipids  through  the  endo¬ 
cytic  recycling  pathway.  Most  of  the  sphingomyelins  and 
glycosphingolipids  that  are  present  in  slowly  dividing 
cells  are  in  fact  made  from  this  recycled  sphingosine'^.  In 
yeast,  deletion  or  mutation  of  the  sphingosine  kinase 
genes,  LCB4  and  tCB5,  or  the  ER  sphingoid  base  phos¬ 
phate  phosphatase  gene,  LHPl,  completely  blocked  the 
incorporation  of  added  dihydrosphingosine  into  sphin¬ 
golipids’ So,  both  SphK  and  SPP  are  required  in 
this  cycle  of  phosphorylation,  uptake  into  the  ER  and 
dephosphorylation  for  the  synthesis  of  sphingolipids 
through  the  endocytic  pathway  Likewise,  we  suggest 
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Rgure  3 1  SIP  regulates  calcium  homeostasis  in  plants,  yeast  and  mammals,  a  |  In  mammalian  c^ls.  It  has  been  proposed 
that  sphingosine  kinase  (SphK)  converts  spNngosine  (Sph)  —  which  inhibits  the  store-operated  calcium  retease-activated  calcium 
current  (SOCC)  1^^.  —  to  sphingosine-1 -phosphate  (S1 P),  which  mobilizes  calcium  independently  of  inositol  trisphosphate  (insP-j) 
and  its  receptor  OnsP^R).  However,  the  targets  (S1 P  receptors;  S1  PRs)  of  S1 P  on  the  endoplasmic  reticulum  (ER)  have  not  yet  been 
identified,  as  denoted  by  the  question  mark.  In  addition,  some  S1P  receptors  on  the  plasma  membrane  are  coupled  to  the 
activatbn  of  phospholipase  C  (PLC),  formation  of  InsP^  and  caldum  mobilization  (t[Ca^"]  J  (riG.  4).  b  j  In  yeast,  calcium  influx  in 
response  to  stress  in  the  ER  is  mediated  by  calcium  channels  that  are  composed  of  Cch1 ,  a  homologue  of  the  catalytic  subunit  of 
voltage-gated  calcium  channels,  and  a  regulatory  subunit,  Midi .  The  formation  of  SIP,  which  is  catalysed  by  the  SphKs  Lcb4  or 
Lcb5,  increases  calcium  influx  to  replenish  secretory  organelles  with  calcium,  c  j  In  plants.  SI  P  is  involved  in  the  signal-transductfon 
pathyway  that  links  the  drought  hormone  abscisic  acid  (ABA)  to  the  release  of  calcium  from  intraceltuiar  stores,  notably  the  vacuole. 

It  is  still  unclear  how  ABA  regulates  SI  P  levels  and  how  SI  P  affects  calcium. 


l*HOSmO!.IPAST<: 

A  phosphoric  diestcrhx'droUisc 
that  splits  the  bond  between  the 
phosphorus  atom  and  the 
oxygen  atom  at  Cl  of  the 
glycerol  moiety  of  a 
gt)x;crophaspholipid . 


that  in  mammalian  cells,  sphingosine  is  formed  in  late 
endosomes  and  lysosomes,  then  phosphorylated  on 
their  cytosolic  surfaces  by  SphK  (BOX  2),  and  the  result¬ 
ing  SIP,  owing  to  its  more  hydrophilic  nature,  is  readily 
transported  to  the  ER  where  it  is  dephosphorylated  by 
SPPl  and/or  SPP2  to  sphingosine.  This  sphingosine  is 
subsequently  converted  to  ceramide,  predominantly  to 
the  C16-ceramide  species'*--*,  by  ceramide  synthase.  As 
the  overexpression  of  SPPl,  which  dephosphorylates 
SIP,  increases  de  novo  synthesis  of  ceramide,  it  is  possi¬ 
ble  that  this  increase  could  result  from  relief  of  the 
negative  regulation  of  serine  palmitoyltransferase  or 
ceramide  synthase  by  S 1 P.  One  piece  of  evidence  in 
support  of  such  a  hypothesis  is  that  the  suppression  of 
sphingoid  base  synthesis  and  downregulation  of  serine 
palmitoyltransferase  by  free  sphingoid  bases  requires 
the  conversion  of  these  free  bases  to  sphingoid  base-1- 
phosphates"***.  It  is  intriguing  to  speculate  that  nega¬ 
tive  regulation  by  SIP  of  one  of  the  key  enzymes  in 
the  de  novo  ceramide  biosynthesis  pathway  might  be 
the  mechanism  for  the  pro-survival  activity  of  SI  P 
and  its  ability  to  suppress  ceramide-mediated  apopto¬ 
sis,  and  that  it  might  also  explain  why  the  relative  levels 
of  these  interconvertible  sphingolipid  metabolites  are 
tightly  regulated. 

SIP  and  calcium  homeostasis 

From  mammals, . .  More  than  a  decade  ago,  it  was  sug¬ 
gested  that  a  sphingosine  derivative  formed  in  the  ER^*, 
which  was  later  identified  as  SlP^“-^\  could  mobilize  cal¬ 
cium  from  internal  sources  in  an  inositol  trisphosphate 


(InsP,)-independent  manner.  Over  the  ensuing  years, 
many  external  stimuli — beginning  with  crosslinking  of 
the  immunoglobulin  receptor* '  —  that  were  known  to 
regulate  calcium  homeostasis  without  activation  of 
PHOSPHoi.rPASFC  (PLC),  have  been  shown  to  stimulate 
SphK  *^  **.  Specific  SphK  inhibitors  block  the  ina*eases  in 
intracellular  calcium  concentration  that  are  elicited  by 
these  agents,  which  indicates  the  importance  of  SphK 
activity  and,  by  inference,  the  generation  of  SIP  (Fic.3). 
In  addition,  the  store-operated  calcium  release-activated 
calcium  current  )» which  is  important  for  replen¬ 
ishing  calcium  stores,  is  blocked  by  sphingosine.  So, 
conversion  to  S 1 P,  which  is  catalysed  by  SphK,  would 
lower  sphingosine  levels  leading  to  the  disinhibition  of 
^cR.\r’  which  would  thereby  also  increase  calcium 
influx'*L  Although  at  present  there  are  several  reports 
that  support  the  idea  that  SphK  is  involved  in  calcium 
mobilization,  this  has  become  the  subject  of  contro¬ 
versy,  because  intracellular  targets  in  the  ER  that  arc 
responsible  for  the  effects  of  SIP  have  still  not  been 
identified.  Furthermore,  the  presence  of  SI  P  receptors 
that  are  coupled  to  PLC  and  calcium  mobilization  com¬ 
plicates  this  issue  (discussed  below).  However,  it  should 
be  remembered  that  the  first  studies  on  the  mobiliza¬ 
tion  of  calcium  in  ER  preparations  by  sphingosine 
showed  that  it  required  conversion  of  sphingosine  to 
SIP,  and  that  SIP  itself  mobilized  calcium  in  these 
microsomal  membranes  in  the  absence  of  plasma 
membrane  SIP  receptors*^''**’‘*‘*.  Moreover,  SIP  has 
recently  been  shown  to  be  involved  in  regulating  cal¬ 
cium  levels  in  yeast  and  higher  plants,  which  do  not 
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figure  4  j  SIP  is  a  ligand  for  five  G-protein>coupied  receptors.  Sphingosine-1  -phosphate 
(SIP)  in  serum,  which  is  secreted  by  mast  ceils,  platelets  and  monocytes,  binds  to  specific 
members  of  the  S1P  receptor  family,  which  are  coupled  to  different  G  proteins  (for  example. 

EDG1  /SI  P,  and  EDG6/S1 P^  cou^e  mainly  to  G^;  both  EDG5/S1 P^  and  EDG3/S1 P^  activate  Gj, 
G^  and  and  EDG8/S1P,  is  linked  to  G,  and  leading  to  activation  or  inhibition  of  the 

Indicated  downstream  signalling  pathways.  Only  a  few  examples  of  these  pathways  are  illustrated 
—  In  particular,  extracellular  signal-regulated  kinase,  ERK:  Jun  amino  terminal  kinase.  JNK;  the 
small  GTPases  of  the  Rho  family  (Rho  and  Rac):  phospholipase  C,  PLC:  adenylyl  cyclase-cyclic 
AMP,  AC:  and  phosphatidylinositol  3-kinase,  RISK.  The  reader  is  referred  to  recent  reviews  on 
signalling  downstream  of  Si  P  receptors  and  the  G  proteins  that  they  are  coupled  to^^. 


S’lOMA'fA 

'IIk  pores  in  the  epidermis  of 
plants,  in  particular  in  the  leaves, 
tltroLigh  which  gjiscoiis  exchange 
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Cells  that  arc  found  on  the 
underside  of  plant  leaves,  which 
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turn,  regulate  gas  exchange  in 
the  leaf. 
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A  com  jwnent  of  receptor- 
mediated  activation  or 
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and  other  second  messenger 
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have  S 1 P  receptors,  and  this  indicates  that  SI  P  might 
have  a  universal  intracellular  signalling  role  in  calcium 
regulation  (FIG. 3a). 

„.to  yeast  and  plants.  Recent  evidence  indicates  that 
yeast  might  use  l^,,^^(,-like  mechanisms  to  help  replenish 
secretory  organelles  with  calcium^‘^  Calcium  influx  in 
response  to  stress  in  the  ER  (which  can  be  induced  by 
perturbations  of  protein,  carbohydrate  or  lipid  biosyn¬ 
thesis  in  the  ER)  is  mediated  by  calcium  channels  that  are 
similar  to  voltage-gated  calcium  channels.  This  calcium 
influx  requires  SphKs  (Lcb4  and  LebS),  and  is  inhibited 
by  Spl  (Dpi  1 )  and  the  SPP  Lcb3  (ref.  bo;  fig.  3b). 

In  higher  plants,  siomai  a  form  pores  on  leaf  surfaces 
for  the  exchange  of  water  and  gases  between  the  plant  and 
the  atmosphere.  The  plant  hormone  abscisic  acid 
(ABA),  the  levels  of  which  increase  in  response  to 
drought,  regulates  stomatal  pore  size  by  mediating  tur¬ 
gor  changes  in  the  guard  cru  s  that  surround  the  pore. 
An  increase  in  the  cytosolic  concentration  of  free  Ca’*^  is 
a  common  intermediate  in  many  of  the  pathways  that 
lead  to  either  opening  or  closure  of  the  stomatal  pore. 
Recently,  it  was  shown  that  SIP, but  not  dihydro-SlP, 
stimulates  stomatal  closure  and  Ca^^  mobilization  in 
Commelina  communis  gmrd  cells.  In  addition,  the  pro¬ 
motion  of  stomatal  closure  by  ABA  was  attenuated  by  a 
SphK  inhibitor,  and  finally,  drought  also  increased  SI  P 
levels^' These  results  indicate  that  SIP  is  also  impor¬ 
tant  in  calcium  regulation  and  the  control  of  guard-cell 
aperture  in  plants  (FIG.  3c).  So,  it  is  intriguing  to  note  that 
SIP  regulates  calcium  both  in  yeast  and  plants,  particu¬ 
larly  in  response  to  harsh  environmental  conditions. 


SIP  as  an  agonist  of  SIP  receptors 

Since  the  first  report  that  S 1 P  was  the  ligand  for  the 
orphan  G- PROTEIN  ■c:oupLF.DRiv<:moR  (GPCR)  endothelial 
differentiation  gene  1  (EDGl  )^\  it  has  become  clear  that 
the  most  important  biological  role  of  SIP  is  to  function 
as  the  natural  ligand  for  what  has  grown  into  the  EDG 
family  of  GPCRs,  which  are  now  also  known  as  SIP 
receptors.  So  far,  five  members  —  EDGl /SIP,, 
EDG5/S1 P,,  EDG.3/S  1 P,,  EDG6/SI P^,  and  HDGS/S 1 P, 
(REF.  54)  —  which  bind  only  S 1 P  and  dihydro-S  1 P  with 
high  affinity,  have  been  identified.  They  are  ubiquitously 
expressed  and  couple  to  various  G  proteins  that  regulate 
numerous  downstream  signals  (FIG. 4).  This  endows  SI  P 
with  the  ability  to  regulate  diverse  physiological 
processes,  including  angiogenesis  and  vascular  matura- 
tion’^^'-'***,  heart  development'^’  and  immunit/’”'^’^  in  a 
highly  specific  manner,  depending  on  the  relative 
expression  of  S 1 P  receptors  and  G  proteins.  S 1 P  recep¬ 
tors  also  differentially  regulate  the  small  GTPases  of  the 
Rho  famUy,  particularly  Rho  and  Rac^,  which  are  down¬ 
stream  of  the  Hfrrf-ROTRiMKRicG  pRcTTKiNS  and  are  important 
for  cytoskeletal  rearrangements^^  and  directed  cell  niove- 
ment^  For  example,  SlPj  regulates  Rac-coupled  cor¬ 
tical  actin  formation^,  and  SIP^  and  SI  P3  activate  Rho^’^. 
SIP,  also  blocks  Rac  activation^\  thereby  inhibiting  cell 
movement.  These  aspects  have  recently  been  covered  in 
several  comprehensive  reviews^*  *^*^^  and  are  not  dis¬ 
cussed  at  length  here.  Rather,  we  focus  our  attention  on 
a  few  examples  that  illustrate  the  roles  of  S 1 P  receptors 
in  development,  as  well  as  highlighting  some  recent 
advances. 

SIP  in  cell  migration:  heart  development  Coordinated 
cell  migration  is  central  to  many  physiological  processes, 
including  embryonic  development,  organogenesis, 
wound  healing  and  the  immune  response.  Recent  stud¬ 
ies  indicate  that  SIP  receptors  have  key  roles  in  these 
proces.ses.  During  development,  cardiac  precursor  cells 
migrate  from  two  patches  of  tissue  to  the  dorsal  midline 
and  merge  to  form  the  heart.  A  mutation  in  the  gene 
encoding  the  zebrafish  honiologue  of  S 1 P,  causes  ‘miles 
apart*  split-heart  development  (FIG.  5a).  This  was  the  first 
evidence  that  SIP  has  a  role  in  cell  migration  during 
embryogenesis.  Interestingly,  the  zebrafish  Miles-apart 
protein  does  not  need  to  be  expres,sed  on  the  migrating 
heart  precursor  cells  themselves;  rather,  it  is  also 
expressed  in  pARAXiAi.cm.Ls,  which  are  located  on  either 
side  of  the  midline.  So,  SIP^  signalling  might  somehow 
enable  these  cells  to  direct  cardiac  precursor  cells  to  the 
midline.  Surprisingly,  however,  disruption  of  SJP, in 
mice  did  not  result  in  a  similar  phenotype^®. 

SIP  in  cell  migration:  vascular  development.  An 
essential  role  for  SIP,  in  vascular  development  and 
maturation  was  shown  by  gene  disruption  in  mice. 
S 7 P, -knockout  mice  died  in  w/cro between  embryonic 
day  1 2.5  (El 2.5)  and  El 4.5  owing  to  vascular  abnormal¬ 
ities  that  were  caused  by  the  defective  migration  of 
mural  cells  (vascular  smooth  muscle  ceils  (VSMCs)  and 
PHRicYTFs)  around  nascent  blood  vessels  (FIG.  sb). 
Fibroblasts  obtained  from  SI  P,-null  embryos  failed  to 
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PARAX1A1.(:P.I.LS 
Cells  of  a  region  of  the 
mesoderm,  which  is  known  as 
the  paraxial  mesoderm,  that  is 
adjacent  to  the  notcKhord.  The 
pamxiai  mcv^derm  becomes 
segnientetl  rostrocaudally  to  give 
rise  to  the  somites  early  in 
development. 

PliRICYTi: 

A  support  cell  of  the  capillaries. 
l\*ricytes  arc  known  as  smooth 
muscle  cells  in  larger  vcs.scls. 

IM.MUNOMODUI.A’n)R 
An>'  agent  that  alter.s  the  extent 
of  the  immune  response  to  an 
antigen. 

I.YMPHdPI-NfA 
A  decrease  in  the  number  of 
lymphocytes  in  the  blood,  which 
might  occur  in  various  diseases. 


show  Rac  activation  and  were  unable  to  migrate 
towards  SlP^s  indicating  that  SIP  might  function 
directly  on  SIP,  that  is  expressed  by  VSMCs/pericytes  to 
facilitate  their  recruitment  and  migration  around  the 
vessels.  However,  the  indirect  influence  of  the  Miles- 
apart  protein  on  migrating  cells,  together  with  the  high 
level  of  expression  of  SIP,  in  endothelial  cells,  raises  the 
possibility  that  SIP  could  also  stimulate  SIP,  that  is 
expressed  on  endothelial  cells,  and  this  in  turn  would 
recruit  VSMCs^\ 

What  are  the  mechanisms  by  which  cells  expressing 
SIP  receptors  could  regulate  migration  of  another  cell 
type?  The  activation  of  SI  P  receptors  could  upregulate 
adhesion  molecules  or  cause  other  changes  to  the  cell 
surfaces  that  would  then  be  permissive  for  the  recruit¬ 
ment  of  migrating  cells.  Or  perhaps  SI  PR  signalling 
could  induce  the  release  of  components  of  the  extracel¬ 
lular  matrix  or  of  a  diffusible  signal  to  attract  migrating 
cells.  Although  much  remains  to  be  learned  before  this 
question  can  be  answered  definitively,  there  is  evidence 
in  the  literature  that  supports  either  or  both  of  these 
possible  mechanisms,  SIP  has  been  shown  to  induce 
Rho-dependent  activ'ation  of  integrins*'^  to  affect  vascu¬ 
lar  endothelial  groAvth  factor  (VEGF)  signalling^  and  to 
activate  matrix-degrading  p^oteinases^^ 


SIP  in  lymphocyte  migration.  An  unanticipated  but 
important  function  for  SIP  receptors  in  lymphocyte 
migration  and  immune  responses  emerged  from 
studies  with  the  immunomoduiator  and  sphingosine 
analogue  FTY720,  which  is  a  drug  that  shows  great 
potential  for  human  kidney  transplantation  and  the 
management  of  chronic  autoimmune  diseases  such 
as  multiple  sclerosis.  FTY720  elicits  i.ymphopknia, 
which  results  from  a  reversible  redistribution  of  lym¬ 
phocytes  from  the  circulation  to  secondary  lymphoid 
tissues.  Two  recent  reports  show  that  FTY72()  is  phos- 
phorylated  by  SphKI  and  that  the  phosphorylated 
compound  is  a  potent  agonist  of  all  SIP  receptors 
except  SIP,  (RErs  60,61).  Phosphorylated  FTY720, 
which  presumably  functions  through  SIP  signalling 
pathways,  modulates  chemotactic  responses  and  lym¬ 
phocyte  trafficking  to  divert  lymphocytes  from 
inflammatory  lesions  and  graft  sites  (FIG.  5c). 

SIP  receptors  and  receptor  crosstalk 

The  importance  of  SIP  in  cell  migration,  angiogenesis^^ 
vascular  maturation'^S  vascular  permeability^^*  and 
tumour  biology  prompted  a  flurry  of  studies  on  its 
relationship  with  VEGF,  one  of  the  most  important 
growth  factors  that  is  involved  in  the  processes  of 


a  IShpostfertitization  20  h  postfertilization 


Figure  5 1 S1P,  through  SIP  receptors,  regulates  important  physiological  processes. 

a  I  Mutations  in  the  sphingosine-1  -phosphate  (S1 P)  receptor  EDG5/S1 lead  to  abnormal 
split-heart  development  in  the  zebrafish"*’.  Normally  at  18  h  postfertilization  during  development 
(left  panel),  cardiac  precursor  cells  migrate  from  two  patches  of  tissue  to  the  dorsal  midiine 
where  the  paraxial  cells,  which  express  miles  apart  messenger  RNA,  are  located.  By  20  h 
postfertilization,  the  two  bilateral  groups  of  cardiac  precursor  cells  have  merged  to  form  a  single 
medial  heart  tube  (right  panel).  A  mutation  in  EDG5/S1 prevents  the  migration  and  merging  of 
these  two  groups  of  cells  and  they  develop  separately,  b  |  EIDG1/S1 P,  is  important  for  vascular 
maturation.  Migration  of  vaxular  smooth  muscle  cells  (VSMCs)  and  pericytes  around  newly 
formed  endothelium  (EC,  endothelial  cells)  is  defective  in  the  absence  of  EDGI/SI  P,.  SI  P  might 
function  directly  on  EDG1  /SIP,  that  is  expressed  by  VSMCs/pericytes  to  facilitate  their 
recruitment  and  migration  around  the  vessels  (indicated  by  the  dashed  lines),  or  it  might 
stimulate  EDG  1/SI  P,  that  is  expressed  on  endothelial  cells  to  recruit  VSMCs^'.  c  1  After 
phosphorylation  by  the  SI  P  kinase  SphKI .  the  immunosuppressive  drug  FTY720,  which  Is  a 
sphingosine  analogue,  stimulates  lymphocyte  homing  mechanisms,  presumably  functioning 
through  SI  P  signalling  pathways.  FTY720  also  inhibits  the  release  of  lymphocytes  from  the 
lymph  node  into  the  circulation.  The  modulation  in  chemotactic  responses  and  lymphocyte 
trafficking  diverts  lymphocytes  (dark  blue)  from  inflammatory  lesions  and  graft  sites,  resulting  in 
tymphopenia.  Part  a  is  modified  with  permission  from  ref.  90  Nature  ©  (2(XX))  Macmillan 
Magazines  Ltd.  Part  b  is  modified  with  permission  from  ref.  57  ©  American  Society  for  Clinical 
Investigation  (2000).  Part  c  is  modified  with  permission  from  ref.  9i  ©  Elsevier  (2002). 
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Figure  6 1  Crosstatk  of  VEGF  and  SIP  signalling.  The  crosstalk  of  sphingosine-l  -phosphate 
(S1P)  and  vascular  endothelial  growth  factor  (VEGF)  in  cell  movement  is  shown  in  the  right-hand 
side  of  the  figure  (light-blue  shading).  S1P  can  activate  VEGF  receptor-2  (VEGFR-2)  in  the 
absence  of  added  VK3F  by  receptor  crosstalk.  Ligation  of  the  S1P  receptor  EDG1/S1P,  and 
activation  of  G.  and  in  turn,  lead  to  the  activation  of  components  such  as  Src  that  result  in 
the  phosphorylation  of  VEGFR-2.  This  transactivation  of  VEGFR-2  can  then  lead  to  activation  of 
tvw)  signalling  cascades  that  are  important  for  movement  and  vascular  remodellirg:  first, 
activation  of  Src -family  tyrosine  kinase(s)  and  the  adaptor  protein  Crkll;  and  second,  activation  of 
phosphatidylinositol  3-kinase  a  (PI3Ka),  protein  kinase  B  (PKB)/Akt  and  endothelial  nitric  oxide 
synthase  (eNOS),  and  the  formation  of  nitric  oxide  (NO).  The  dashed  arrow  indicates  that 
PKB/Akt  is  essential  not  only  for  cell  migration  but  also  for  cell  proliferation.  In  response  to 
G.-prDtein-mediated  activation  of  phospholipase  C,  Intracellular  calcium  (Ca^^)  l&/els  increase. 

then  complexes  with  calmodulin  (CaM),  which  also  activates  eNOS.  For  simplidly,  other 
known  signalling  path\ways downstream  of  EDG1/S1P,  (as  indicated  in  FlG.4)  are  not  shown. 
The  aosstalk  of  VEGF  and  S1 P  in  cell  growth  is  shown  on  the  left-hand  side  of  the  figure  (light 
yellow  Shading).  After  binding  VEGF.  VEGFR-2  activates  protein  kinase  C  (PKC),  v\/hich  then 
stimulates  the  S1 P  kinase  SphK1 .  This  increases  S1 P  levels  with  concomitant  decreases  In 
sphingosine  (Sph)  and  inhibition  of  the  GTPase-acttvating  protein.  RasGAP^'^.  Activation  of  Ras. 
In  turn,  will  lead  to  activation  of  Raf,  MARK  and  ERK  kinase  (MEK),  extracellular-signal-regulated 
kinase/nr^ogen-activated  protein  kinase  (ERK/MAPK)  and,  eventually,  to  DNA  synthesis.  The 
question  mark  and  dashed  arrow  in  this  part  of  the  figure  indicate  that  it  is  still  not  known 
whether  S1P  that  is  generated  intracellularty  by  VEGF  can  stimulate  SI  P  receptors  to  regulate 
cell  movement. 


vasculogenesis  and  angiogenesis.  These  studies  have 
shown  that  there  is  very  complex  crosstalk  between 
these  tw^o  molecules.  SI  P,  similar  to  various  agonists 
of  GPCRs,  can  activate  growth  factor  tyrosine  kinase 
receptors  in  the  absence  of  added  growth  factors, 
which  indicates  that  receptor  tyrosine  kinases  might 
be  activated  through  receptor  crosstalk  (which  is  also 
known  as  transactivation). 


lX)MINANT-Nr.aAT!Vl- 
A  dofcctiw  protein  that  retain.'; 
interaction  ahiliiics  and  so 
distorts  or  cnmpcics  wth 
normal  protdns. 

SMAl.l.  INTmi  RNA 
(siRNA).  Short  (21-23mcrs) 
sequences  of  douhle-.stranded 
RNA  that  are*  used  in  RNA 
interference.a  process  by  which 
the  expression  of  homologous 
genes  is  silenced  through 
degradation  of  their  csignatc 
mRNA. 


Implications  for  angiogenesis.  Two  recent  studies  have 
shown  that  SIP  can  transactivate  VEGF  receptors  in 
endothelial  cells  (FIG.6).  In  the  first  study,  activation  of 
one  of  the  VEGF  receptors  —  VEGF  receptor  2 
(VEGFR-2/Flk-l)  —  and  the  subsequent  activation 
of  Sre-family  tyrosine  kinases  were  required  for 
SlP-induced  phosphorylation  of  the  adaptor  pro¬ 
tein  Crkll  in  human  umbilical  vein  endothelial  cells 
(FIG.6).  In  agreement  with  the  established  role  of 
Crkll,  S IP-promoted  membrane  ruffling  and  cell 
motility  were  also  decreased  by  an  inhibitor  ofVEGFR-2 
(REF.  72).  Similarly,  SIP  Iran sactiva ted  VEGFR-2  on 
endothelial  cells  through  a  signalling  pathway  that 


involved  G.,  calcium  and  Sre-family  tyrosine 
kinases'*’.  Unexpectedly,  the  transactivation  of 
VEGFR-2  by  SIP  was  independent  of  the  release  of 
endogenous  VEGF,  because  a  neutralizing  antibody 
did  not  block  the  effect  of  SIP,  in  contrast  to  Src 
inhibitors.  Taken  together  with  other  studies,  it  seems 
that  activation  of  SlPj  leads  to  G.-dependent  activa¬ 
tion  of  the  P  isoform  of  phosphatidylinositol  3-kinase 
(PI3KP)  and  PLC.  This  results  in  an  increased  con¬ 
centration  of  intracellular  calcium,  which  complexes 
with  calmodulin  to  activate  endothelial  nitric  oxide 
synthase  (eNOS)”.  eNOS  produces  nitric  oxide  (NO), 
which  has  a  crucial  role  in  the  regulation  of  vascular 
tone,  vascular  remodelling  and  VEGF- induced  angio¬ 
genesis.  Simultaneously,  transactivation  of  VEGFR-2 
is  followed  by  the  activation  of  Src-family  tyrosine 
kinases  and  Crkll,  which  are  important  for  membrane 
ruffling  and  cell  motility.  In  addition,  transactivation 
of  VEGFR-2  results  in  the  activation  of  protein  kinase  B 
(PKB)/Akt  (which  is  regulated  by  PI3Ka),  which  also 
phosphorylates  and  activates  eNOS^*’  (FIG.  6).  What 
makes  this  interplay  even  more  complex  is  the  finding 
that  SI P- stimulated  PKB/Akt  can  bind  SIP,  and  phos- 
phorylate  its  third  intracellular  loop  at  threonine  236, 
which  is  required  for  Rac  activation  and  chemotaxis 
that  is  induced  by  SIP^**. 

Implications  for  cell  growth.  Recent  studies  indicate  that 
VEGF  can  also  stimulate  SphKl,  and  this  has  ramifica¬ 
tions  for  its  mitogen icit/’’.  It  has  long  been  known  that 
VEGF  stimulates  endothelial  cell  growth  through  pro¬ 
tein  kinase  C  (PKC),  which  leads  to  the  activation  of 
ERKl/2.  However,  the  exact  mechanism  by  which  this 
happens  remained  elusive  until  a  recent  study  showed 
that  SphKl  was  the  missing  link  between  PKC  and 
ERK  1/2  (REF.  28).  Pharmacological  inhibitors,  do.minant- 
NEOATivF.  SphKl ,  or  SMALL  iNTERrEWKc:  RNA  (siRNA)  targeted 
to  SphKl  all  blocked  VEGF-induced,  but  not  epider¬ 
mal  growth  factor  (EGF)-induced,  ERK  1/2  activation 
and  DNA  synthesis.  Incubation  of  cells  with  siRNA 
that  specifically  targeted  SphKl,  but  not  SphK2, 
blocked  the  VEGF-induced  accumulation  of  active, 
GTP-bound  Ras.  In  this  study,  it  was  proposed  that 
membrane-associated  sphingosine  in  cells  attenuates 
basal  Ras  activity  by  stimulating  the  activity  of  Ras 
GTPase-activating  proteins  (RasGAPs).  VEGF  stimula¬ 
tion  of  PKC  and  the  consequent  activation  of  SphKl 
results  in  the  conversion  of  sphingosine  to  S 1 P,  which 
then  displaces  sphingosine  from  GAPs  (fig.  6).  Overall, 
this  would  decrease  GAP  activity  and  increase  the  level 
of  activated  Ras-GTP,  without  influencing  the  oppos¬ 
ing  activity  of  Ras  guanine  nucleotide  exchange  factors 
(RasGEFs)^^  leading  to  activation  of  the  ERK/mitogen- 
activated  protein  kinase  (MAPK)  pathway  and  cell 
division  (FIG.  6). 

An  important  question  is  whether  the  SIP  that  is 
produced  by  VEGF-mediated  stimulation  of  cellular 
SphKl  activates  SIP  receptors  to  activate  Ras  and 
ERK/MAPK,  or  whether  it  functions  as  an  intracellu¬ 
lar  second  messenger.  Several  lines  of  evidence  have 
been  proposed  in  support  of  the  latter  possibility^**. 
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Increased  cell  movement 


Figure  7 1  'n^nsactivation  of  EDG1/S1P^  and  PDGF-directed  cell  niovement.  The 

sphingoslne-1  ‘phosphate  (SI  P)  kinase  SphK1  is  diffusely  distributed  in  the  cytosol  of  unstimulated 
cells,  but  platelet-derived  growth  factor  (PDGF)  rapidly  induces  its  activation  and  translocation  to 
imembrane  ruffles,  where  It  phosphorylates  meimbrane-assodated  sphingosine  (Sph)  to  form 
SIR  S1P  binds  to  the  receptor  EDGI/SIP,  leading  to  activatbn  of  several  downstream  signals, 
such  as  focal  adhesion  kinase  (FAK).  Src.  p38,  Rac,  phosphatidylino^ol  3-kinase  (R3K},  Cas  and 
Crk,  that  are  important  for  cell  locorrotion.  As  explained  in  the  text,  this  crosstalk  has  ramifications 
for  the  migration  of  pericytes  and  smooth  muscle  cells  around  newly  formed  blood  vessels. 


Implications  for  movement.  Reciprocal  mechanisms  of 
transactivation  have  been  reported  to  be  important  in 
cell  niovement  that  is  directed  by  platelet- derived 
growth  factor  (PDGF)^’.  Ligation  of  the  PDGF  tyrosine 
kinase  receptor  by  PDGF  activates  and  translocates 
SphK  1  to  the  plasma  membrane.  This  gives  rise  to  the 
spatially  restricted  formation  of  SI  R  and,  in  turn,  acti¬ 
vates  SlPj,  which  is  e.ssential  for  PDGF-directed  cell 
movement  (PiG.7).This  indicates  that  intracellularly 
generated  SIP  might  signal  Mnside-ouF through  its  cell- 
surface  receptors  (Box  3).  SIP  receptors  are  linked  to  the 
G-protein-mediated  activation  of  downstream  signals, 
such  as  Rac  and  p38,  to  regulate  cytoskeletal  rearrange¬ 
ments  and  focal  adhesion  turnover  that  is  modulated  by 
the  tyrosine  kinases  focal  adhesion  kinase  (FAK)  and 
Src,  which  are  important  for  cell  locomotion^*^  (I^IG.  7). 
However,  it  is  still  not  clear  whether  such  inside-out  sig¬ 
nalling  contributes  to  the  effects  of  SI  P  on  cell  growth 
and  suppression  of  apoptosis  (box  3). 


First,  PF-imJssisTOxiN  blocks  S IP-induced, but  not  VEGF- 
induced,  ERKl  /2  activation.  Second,  SlP-Sl  P- receptor 
activation  of  ERK  is  blocked  by  dominant-negative  Ras, 
whereas  VEGF  activation  of  ERK/MAPK  is  insensitive. 
Finally,  no  secretion  of  SI  P  could  be  detected.  So,  it 
seems  that  signalling  of  VEGF  and  of  extracellular 
SIP  are  distinct,  which  indicates  that  the  intracellular 
SIP  generated  by  VEGF  leads  to  activation  of  down¬ 
stream  signalling  without  engaging  SI  P  receptors^. 


How  do  external  stimun  stimulate  $phK1? 

Several  recent  studies  have  investigated  the  mechanisms 
regulating  the  activation  of  SphK  1  by  various  stimuli, 
where  this  occurs  in  the  cell,  and  whether  it  leads  to  the 
release  of  SIP  extracellularly.  As  SphKl  is  predomi¬ 
nantly  a  cytosolic  enzyme,  whereas  its  substrate  sphin¬ 
gosine  is  generated  in  membranes,  it  is  not  surprising 
that  translocation  to  membranes  is  a  common  feature 
of  SphKl  activation.  For  example,  SphKl  is  translcKated 
to  the  leading  edge  of  cells  during  PDGF-induced  cell 


PIJUUSSIS1X>X!\ 

A  mixture  oCprutcins  that  is 
produced  by  HordvtcUa  pcrtiissik 
It  cau.scs  the  persistent  activation 
of  Gj  proteins  by  catal)'smg  the 
ADP-rilx>.syli\tion  of  the 
«-subunit. 


Box  3 1  SIP  signalling  inside  and  out 

Diverse  external  stimuli,  particularly  growth  and 
survival  factors  and  chemoattractants — including 
platelet-derived  growth  factor  (PDGF),  vascular 
endothelial  growth  factor  (VEGF),  tumour  necrosis 
fector-a  (TNF-a),  nerve  growth  factor,  epidermal 
growth  factor,  basic  fibroblast  growth  factor,  ^;E/antigen, 
phorbol  ester,  vitamin  D^,  ATP,  fMLP,  oxidized  low 
density  lipoprotein,  bradykinin,  endothetin-l , 
cyclic  AMP,  acetylcholine,  lysophosphatidic  acid, 
piosaposin  and  even  sfdiingosine-l-phosphate  (SIP) 
itself  through  SIP  receptors  (SI  PRs;  for  a  review, 
see  REF.  22)  —  stimulate  the  SIP  kinase  SphKl  to  generate 
intracellular  SIP.  SIP  might  have  dual  functions.  First,  it 
can  function  in  an  autocrine  or  paracrine  fashion  to 
stimulate  SIP  receptors  that  are  present  on  the  cell 
surface  of  the  same  or  nearby  cells.  Coupling  of  SI  P 
receptors  to  diverse  G  proteins  leads  to  activation  of  numerous  downstream  signalling  pathways  ( FIG,  4).  This  type  of 
crosstalk  has  been  shown  for  the  PDGF  receptor,  which  transactivates  die  Si  P  receptor  EDGl/SlP,  leading  to  the 
modulation  of  components  of  downstream  pathways,  including  Src,  focal  adhesion  Idnase,  and  Rac,  which  are  important  for 
PDGF-directed  cell  migration^^  It  is  not  known  whether  other  components  of  signalling  pathways,  such  as  phospholipase  C 
(which  regulates  calcium  levels),  or  phosphatidylinositol  3-kinase  (which  activates  protein  kinase  B/Akt),  might  also  be 
regulated  in  this  manner.  It  is  not  even  dear  how  SI  P  is  secreted  and  presented  to  S  IP  receptors.  Second,  SIP  might  also  have 
intracdlular  fimetions  to  r^ulate  caldum  levels,  survival  and  growth.  For  example,  crosslinldng  of  the  antigen  receptor 
FceRI  stimulates  SphK  1  and  SI  P  production,  which  then  mobilizes  caldum  from  internal  stores  independently  of  inositol 
trisphosphate  formation'*^"’^  TNF-a  and  other  cytokines  stimulate  SphKl  leading  to  the  activation  of  the  transcription 
fiictor  nuclear  factor  kB  (NF-kB)  ,  which  is  essential  for  the  prevention  of  apoptosis^.  The  potent  angiogenic  factor  VEGF 
stimulates  SphKl  to  produce  SI  P,  which  mediates  VEGF-induced  activation  of  Ras  and  consequently,  extracellular-signal 
regulated  kinase/mitogen-activated  protein  Idnase  signalling  and  cell  growth^. 


Stimulus 
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HHORuoi.  us'nms 
h>lycyclic  esters  that  are  isolated 
from  croton  oil.  The  most 
cotnmon  is  phorbti)  myristoyl 
aertate  ( PM  A.  also  known  as 
12,13-tctradecanoyl  phorhol 
acetate  or  TPA ),  They  a  re  potent 
co-carcinogens  or  tumour 
promoters  because  they  m  iniic 
diacylglyccrol,  thcrch)’ 
irreversibly  activating  protein 
kinase  C 

l»HOX  HOMOKXIY  DOMAIN 
A  ckimain  that  is  similar  in 
flinction  to  pleckstrin  homology 
domains.  It  ha.s  an  affinity  for 
certain  phosphorylated 
phospholipids. 


migration’*.  In  addition,  activation  of  PKC  by  the 
pHORBOLm  uRphorbol  12-myristate  13-acetate  or  VEGF 
phosphorylates  and  activates  SphKl .  However,  whereas 
translocation  of  SphKl  to  the  plasma  membrane  was 
accompanied  by  increased  seaetion  of  SIP,  which  allows 
for  autocrine/paracrine  signalling  in  response  to  phorhol 
ester”,  no  secretion  of  S 1 P  was  induced  by  VEGF"”.  In 
another  type  of  activation,  an  elegant  study  identified  a 
tumour  necrosis  factor  (TNF)  receptor-associated  factor  2 
{TRAF2)-binding  motif  of  SphKl  that  mediated  the 
interaction  between  TRAF2  and  SphK.  This  resulted  in 
the  activation  of  SphKl ,  which  in  turn  was  required  for 
TRAF2- mediated  activation  of  NF-kB  and  the  anti- 
apoptotic  effect  of  TNF^.  Furthermore,  two  other  unre¬ 
lated  SphKl -interacting  proteins  have  recently  been 
identified  by  yeast  two  hybrid  screens.  One  has  some 
similarity  to  a  family  of  protein  kinase  A  anchor  proteins 
and  affects  the  activity  of  SphK  1  (RRP.  78).  The  other, 
RPK 1 1 8  (for  ribosomal  S6  kinase-like  protein  with 
two  pseudo  kinase  domains),  which  also  contains  a 
PHOX  HOMoioGY  DOMAIN  and  Specifically  binds  to  phos- 
phalidylinositol  3-phosphate,  induced  the  translocation  of 
SphKl  to  early  endosomes”.  It  is  tempting  to  speculate 
that  this  translocation  might  allow  it  to  phosphorylate 
sphingosine  diat  is  produced  in  the  salvage  pathway  (box  2). 

New  clues  from  plants 

A  new  study  shows  that  SphK  is  involved  in  both  ABA- 
mediated  inhibition  of  stomatal  opening  and  the  pro¬ 
motion  of  stomatal  closure  in  Arahtdopsis  thaham,  by 
regulating  guard-cell  inward  K^  channels  and  anion 
channels^\  Surprisingly,  SIP  regulates  stomatal  apertures 


and  guard-cell  ion-channel  activities  in  wild-type  plants, 
but  not  in  the  absence  of  the  sole  prototypical  het- 
erotrimeric  G  protein  a-subunit  (GPAl),  which  indicates 
that  heterotrimeric  G  proteins  might  be  downstream  tar¬ 
gets  for  SI  P.  Of  particular  interest,  the  putative  GPCR  of 
A.  thaliana,  GCRl ,  has  no  sequence  homology  to  any  of 
the  conserved  SIP  receptors.  Therefore,  the  S IP  signal  in 
guard  cells  might  be  transduced  by  the  direct  interaction 
of  SIP  with  GPAl  or  by  unidentified  proteins  that  stimu¬ 
late  heterotrimeric  G  proteins  independently  of  GPCRs. 
As  the  intracellular  targets  of  SIP  in  mammalian  cells 
have  not  yet  been  identified,  these  studies  in  plants  might 
provide  clues  to  the  enigmatic  intracellular  action  of  S 1 P 
in  mammalian  cell  growth. 

Conclusion  and  perspectives 

Research  on  the  sphingolipid  metabolite  SIP  has 
expanded  tremendously  in  the  past  few  years.  In  this 
review,  we  have  highlighted  how  SIP  levels  are  regulated 
and  how  SIP  is  able  to  regulate  so  many  physiological 
processes.  Appropriately,  considering  its  name,  it  is  still  a 
riddle  why  intracellularly  generated  SIP  can  signal 
‘inside-out*  to  regulate  cell  movement,  but  in  the  few 
examples  studied  so  far,  SIP  receptors  seem  not  to  have  a 
role  in  its  growth  and  survival  actions.  There  is  no  doubt 
that  deciphering  the  complex  interplay  between  SIP 
signalling  inside  and  out  and  determining  how  it  is 
transported  into  and  out  of  cells  will  uncover  many  more 
hidden  secrets.  Studies  in  lower  organisms,  such  as  yeast, 
slime  mould,  plants,  worms  and  flies,  should  provide 
clues  to  the  ancient  roles  of  S 1 P.  Future  w'ork  wall  unravel 
the  mystery  of  the  many  hues  of  this  simple  lipid  SIP, 
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TlMfbllowfitgteniMiintliteartiofo  are  linked  online  to: 

Saccharomyces  Genome  Database; 

ht  tov’/gonome- wvvw-slanford  .odu/Sacd-iaromyces/ 

BSTt  I  Dpil  j  iJbpI  I  Lcb3 1 1  ,cb4 1  Lcb5 1 
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SphK2 !  SPP1 1 SPP2 1 TRAF-2  \  VEGFR-2 
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